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CHAPTER 1. GENERAL INTRODUCTION 
Swine dysentery is a mucohemorrhagic disease of finishing swine (47). 
SerpuUna hyodysenteriae, the etiologic agent of swine dysentery, was isolated and 
characterized in 1972 (46). Select antimicrobials are effective at controlling swine 
dysentery but they are not without their disadvantages, namely: 1) expense, 2) 
some deposit unwanted residues in the meat of pigs, and 3) widespread use can 
lead to the development of resistant strains of S. hyodysenteriae. An ideal 
alternative method of control would be the use of an effective vaccine. However, 
all commercially available and experimental vaccines are either impractical or 
ineffective at prevention of disease and/or colonization. Thus, further research 
must be performed to elucidate the mechanism of pathogenesis of S. 
hyodysenteriae so this knowledge can be applied to the development of an 
efficacious vaccine. 
Although swine dysentery has been investigated extensively, the mechanism 
of pathogenesis remains unclear. A mouse model for swine dysentery has been 
described (72) and use of this model allows researchers to evaluate the disease 
pathogenesis with decreased costs and increased control of experimental 
variables. However, reproducibility in the mouse model has only been 
accomplished using multiple inoculations with an extended fasting period. Fasting 
stress has detrimental effects on immune function, hence, any studies evaluating 
immune alterations associated with swine dysentery using this procedure are 
difficult to interpret. The first goal of this work was to develop a reproducible model 
of S. hyodysenteriae infection in the mouse without the need for extended fasting 
and/or multiple inoculations. During the course of this study, it was serendipitously 
noted that diet manipulation has significant effects on disease outcome. 
Studies in gnotobiotic animals have shown that S, hyodysenteriae requires 
the presence of intestinal microflora in order to induce severe disease (80, 130, 
205). Previous research had indicated that S, hyodysenteriae required intestinal 
microflora to facilitate colonization. The second goal(s) of this work was to test this 
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hypothesis using a model in conventional mice which mimics the gnotobiotic 
phenomenon and to test other hypotheses regarding the role of the intestinal 
microflora in the pathogenesis of swine dysentery. 
An integral component of swine dysentery is the induction of intestinal 
inflammation (46). As alluded to above, gnotobiotic studies have proven that S. 
hyodysenteriae alone does not have the capacity to incite intestinal inflammation. 
It has been hypothesized that the interaction of the intestinal microflora with the 
host intestinal tissue is a significant component of the disease. The third goal of 
this work was to evaluate the interaction of the intestinal microflora with immune 
cells (specifically T lymphocytes) of the host and characterize any changes induced 
in these cells following infection. 
Dissertation Organization 
This dissertation includes three manuscripts written in the style of the 
American Society for Microbiology and will be submitted to Infection and Immunity. 
An appendix is also included which is written in the style of a Note for Infection and 
Immunity. A general introduction and literature review precede the first manuscript 
and a general conclusions section follows the third manuscript. References cited 
for the general introduction and literature review immediately follow the literature 
review. Literature cited in each manuscript directly follows each manuscript and 
references for the general conclusions follow the general conclusions section. 
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LITERATURE REVIEW 
Intestinal Immune System 
The common mucosal immune system comprises the lymphoid tissue 
located in the gastrointestinal, respiratory, and genitourinary tracts in addition to 
the mammary, lacrimal, and salivary glands. Stimulation of immune cells by 
antigen in these tissues results in the dissemination of these cells to other tissues 
of the mucosal immune system (113). The primary function of the mucosal immune 
system is to provide a first line of defense against pathogens which colonize and/or 
invade these sites. The intestinal tract embodies many square meters of surface 
area and thus is a major sight for immune surveillance. Indeed, the gastrointestinal 
tract has been described as the largest immune organ in the body (95) and 70-80% 
of the immunoglobulin producing cells of the body are located within the intestinal 
mucosa (95). This is not surprising considering the size of this organ and the sheer 
magnitude of the antigenic load which it encounters. The mechanisms by which 
the mucosal immune system prevents disease by intestinal pathogens are complex 
and the subject of intense research. The following is a brief description of the 
intestinal immune system and the reader is referred to detailed reviews elsewhere 
of the common mucosal immune system (95, 114). 
The intestinal tract of mice, humans, and domestic animals has numerous 
innate or nonspecific mechanisms which aid in exclusion of pathogens. Mucus 
provides a milieu in which bacteria, viruses, and other parasites are trapped and 
thus their interaction with the epithelial surface is retarded. Peristaltic action of the 
intestines promotes the movement of the parasites trapped in the mucus down the 
Gl tract to be expelled in the feces. The indigenous microflora often interferes with 
or inhibits the colonization of intestinal pathogens by multiple mechanisms. The 
indigenous microflora competes with pathogens for nutrients (28) and attachment 
sites (11); produces growth inhibitors such as hydrogen sulfide (28), short chain 
volatile fatty acids (50), and bacteriocins (152); and establishes 
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microenvironmental conditions such as pH and Eh which can adversely affect 
pathogens (120). The epithelial cells lining the intestinal tract provide a barrier to 
intestinal parasites once they colonize the intestine (110). If the parasite has the 
ability to invade past the epithelia, it will then encounter innate cellular (e.g., 
neutrophils, macrophages, and dendritic cells) and humoral factors (e.g., antibody, 
complement) present in the lamina propria. 
Also present in mucosal tissues are lymphocytes which are responsible for 
specific responses to invading organisms. The specific response of the mucosal 
immune system to intestinal parasites can be organized into two functional 
compartments; the inductive and effector sites (63). The inductive sites comprise 
the tissues where the specific response (antibody and antigen specific T cells) to 
intestinally derived immunogen is initiated. These inductive sights are collectively 
called the organized mucosal lymphoid tissue. The organized mucosal lymphoid 
tissue includes the Peyer's patches (PP) and lymphoid nodules of the small 
intestine, and the lymphoid nodules of the colon (139). The lymphoid nodules and 
PP are aggregates of individual follicles. 
The constant sampling of luminal antigen by the M cells results in the 
regular stimulation of immune cells located in the follicles of the PP specific for 
novel and recall antigens (139), The germinal center of the follicle is comprised 
mainly of B cells which are surface lgA+ whereas the periphery of the follicle 
contains lgM+ B cells. The array of cytokines secreted by the CD4+ T helper cells 
(Th) orchestrate the differentiation of naive B cells (lgM+) to IgA lymphoblasts 
(lgA+) located in the germinal center. The interfollicular region is dominated by 
CD3+ cells (i.e., T lymphocytes). There are small numbers of antigen presenting 
cells (dendritic celts and macrophages) present in lymphoid follicles as well as 
greater numbers of CD4+ and CD8+ T lymphocytes. The CD8+ lymphocytes 
comprise approximately 25% of the CD3+ T cells present in the interfollicular zone 
and are precursors to the cytotoxic cells (114). The CD4+ T lymphocytes comprise 
65% of the CD3+ cells found in the interfollicular zone (114). The CD4+ T cells 
have been functionally divided into Thi cells which secrete IFN-y and lL-2; and 
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Th2 cells which secrete IL-4, IL-5, IL-6, and IL-10 (124). The Th1 cells modulate 
the cell mediated immune response (activation of phagocytic cells, proliferation of 
lymphocytes, and delayed type hypersensitivity (DTH) reactions) and promote 
immunoglobin synthesis of the lgG2a subclass. The Th2 cytokines induce B cell 
differentiation and isotype switching. Transforming growth factor beta, IL-4, IL-5, 
IL-6 have been shown to promote IgA synthesis (8, 97, 170). These cytokines can 
also induce differentiation of B cells to produce other immunoglobulin subclasses 
but the microenvironment of the intestinal lymphoid follicle favors the production of 
IgA (115). In mice, it has been shown that there are equal frequencies of Thi and 
Th2 CD4+ T cells present in the PP suggesting that optimal function of Th2 cells 
requires the presence of Thi type T lymphocytes (186). Efficient differentiation of 
B cells to secrete IgA requires Th2 type cells. Thus, the microenvironment of the 
inductive sites of the mucosal immune system are optimized to favor the production 
of IgA. Morphologically the mucosa of most mammalian species are organized in a 
similar fashion and it is reasonable to assume that similar percentages and function 
of the immune cells are present in the mucosa of swine and other animals. 
Following antigenic stimulation, lymphocytes undergo blast transformation 
and proliferate/differentiate into antigen specific effector or memory cells. Activated 
lymphocytes leave the PP and migrate to the intestinal mucosa in order to 
effectively mediate their function. Activated lymphocytes leave the organized 
lymphoid tissue via the efferent lymphatics, travel through the systemic circulation 
and then "home" back to the intestine (109). The passage from inductive to 
effector compartments of the intestine is mediated by lymphocyte cell surface 
molecules called homing receptors and their appropriate ligands, the vascular 
addressins. It has been hypothesized that lymphocyte activation under the 
influence of a particular microenvironment will contribute to the formation of specific 
homing receptors on memory/effector cells which allow the lymphocyte to 
selectively migrate to the tissue in which It first encountered its antigen (143). The 
effector compartment of the intestinal immune system is the diffuse mucosal 
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lymphoid tissue and includes the lamina propria and epithelia of the gastrointestinal 
tract (GIT). 
The effector compartments (lamina propria and epithelia) of the GIT are in 
close proximity to the lumen, hence activated/memory lymphocytes can mediate 
their function at the sight of antigen and/or parasite interaction. Within the lamina 
propria, T lymphocytes comprise 20-40% of the cells (114). Approximately 65% of 
these cells are CD4+ and 25% are CD8+. The primary function of CD4+ T cells is 
to provide help for antibody production by the B cells. T lymphocytes isolated from 
the lamina propria have a decreased capacity to proliferate in response to 
mitogens when compared peripheral T cells (44) thus owing to their effector 
function. Approximately equal numbers of CD4+ Th1 and Th2 cells exist in the PP 
of the intestine whereas the Th2 type predominate in the lamina propria (186). 
indeed, higher levels of IL-4, IL-5, and IL-6 are produced in the lamina propria 
when compared to the PP (6, 63). Thus, CD4+ T cells in the inductive sites (e.g., 
PP) are predominately naive and are proposed to serve as a source of lymphocytes 
which can respond to novel antigenic challenge. At the effector sites (e.g., lamina 
propria), the predominant cell type would be differentiated memory T cells which 
regulate IgA plasma cell localization and provide help for immunoglobin synthesis 
(22, 63). Due to the close proximity of the lamina propria to the source of antigen 
(i.e., lumen), the Thi subset is found in lower numbers in the lamina propria (186). 
This decreases the opportunity for generation of uncontrolled inflammatory 
responses augmented or induced by Thi subset cytokines (e.g., IFN-y) and 
mediated by macrophages and neutrophils. 
The CD8+ T cells are precursors to cytotoxic T cells and are important for 
elimination of viral infected and/or damaged host cells (114). Additionally, CD8+ T 
cells isolated from intestinal tissues secrete regulatory cytokines (e.g., IFN-y and 
IL-5) indicating that the role of CD8+ cells in mucosal tissues is not limited to 
cytotoxic activity (186). 
The epithelia of the intestine represents another effector compartment of the 
mucosal immune system. T lymphocytes are intimately associated with the 
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epithelia residing between the columnar epithelium and are thus referred to as 
intraepithelial lymphocytes (lELs) (125), Seventy-five to eighty-five percent of 
these cells are CD8+ and five to ten percent are CD4+ (125, 185). lELs from 
conventional animals were shown to be constitutively lytic while lELs from germfree 
animals had no detectable lytic activity (98). Owing to the predominance of CD8+ 
cells, their function was originally hypothesized to provide immune surveillance of 
damaged or virally infected epithelial cells. However, later they were shown to 
secrete IFN-7 arid IL-5 thus implicating their ability to be regulatory cells for cell 
mediated immunity and antibody production (29, 185, 186). The biological role of 
lELs remains unclear but the above results suggest a dual role. 
Twenty to forty percent of the lymphocytes found in the lamina propria are B 
cells and plasma cells (114). Ninety percent of the plasma cells in the lamina 
propria secrete IgA (9). Secretory IgA (sIgA) is released from plasma cells as a 
homodimer linked by disulfide bonds and J chain (196). Secretory component (SC) 
located on the basolateral membrane of epithelial cells serves as the receptor for 
dimeric IgA. Upon binding, the IgA molecule is transcytosed through the epithelial 
cell and released into the lumen by cleavage of SC (196). The secreted product 
contains 2 IgA monomers, a J chain, and SC which renders the cleavage sight in 
the hinge region resistant to intestinal enzymes. The primary biological functions 
of sIgA include: inhibition of bacterial adherence, viral neutralization, and immune 
exclusion of soluble antigen (116). IgA has a limited capacity to fix complement 
(196). This is an important feature of this antibody isotype as the immense amount 
of luminal antigen would radically activate complement leading to potential 
immunopathologic mediated inflammation. 
Swine Dysentery 
It has been estimated that swine dysentery costs the pork industry 180 
million dollars annually (69). The pecuniary losses are primarily due to death, 
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decreased rate of gain, poor feed conversion, and moneys spent on antibiotics 
used to treat and prevent swine dysentery. The disease was first described in the 
1920's (206-208) but the etiologic agent, a large Gram negative spirochete, was 
not isolated or characterized {Treponema hyodysentehae) until 1971 by two 
independent researchers (46, 189). In the interim numerous species of bacteria 
[most notably Vibrio coli (61, 62)] were implicated as the causative agent of swine 
dysentery but none would fulfill Koch's postulates. Treponema hyodysentehae and 
the closely related non-pathogenic spirochete, Treponema innocens, were 
determined to be distantly related to other members of the Treponema species 
based on DNA-DNA reassociation experiments, protein profiles by SDS-PAGE, and 
sequencing analysis of IBs rRNA (177). As a result the genus designation of 
Treponema hyodysentehae and Treponema innocens was changed to Serpula. 
Subsequently, the genus designation had to be changed to Serpulina as the genus 
Serpula was the genus identification of a wood rot fungus (174). 
Serpulina hyodysenteriae Morphology and Physiology 
As mentioned above, Serpulina hyodysenteriae is a large Gram negative 
spirochete. It measures approximately 0.35 microns in diameter and 7 microns in 
length (46). The spirochete contains seven to nine flagella which surround the 
protoplasmic cylinder and are enclosed by the outer sheath or membrane 
(periplasmic). The flagella have been described as being structurally similar to 
those of other spirochetes (121). Serpulina hyodysentehae does not form colonies 
on blood agar media but can be recognized by its characteristic spreading colony 
morphology concurrent with the production of beta-hemolysis (46). S, 
hyodysenteriae can be propagated in vitro using brain-heart infusion, heart 
infusion, or trypticase soy broths supplemented with heat inactivated fetal calf or 
horse serum. Conditions of optimal growth for S. hyodysenteriae include BHI broth 
supplemented with fetal calf serum, vigorous mixing of the culture, and an 
atmosphere of 99% N2:1% O2 (178). Cholesterol and phospholipid are required for 
growth of S. hyodysentehae and mammalian erythrocytes have been shown to be 
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an adequate source for these metabolites (175). Cholesterol is converted to 
cholestanol by S. hyodysenteriae with cholestanol being a major component of cell 
lipids (172). S. hyodysenteriae can utilize glucose, fructose, sucrose, galactose, 
trehalose, N-acetyl-glucosamine, glucosamine, mannose, maltose, and pyruvate as 
grov^rth substrates and produces CO2, H2, acetate, and butyrate as metabolic end 
products (178), 
Lesions 
Swine dysentery is a mucohemorrhagic diarrheal disease of grow/er/finisher 
swine. Clinical signs of swine dysentery include depression and gauntness with 
loose, watery feces containing blood and mucus (46). Animals affected by swine 
dysentery have macroscopically visible hyperemia and edema of the colonic 
mucosa and edema of the mesentery with swollen colonic lymph nodes. Fibrin 
exudate, blood, and mucus are present in the lumen of the large bowel often 
forming a pseudomembrane (46, 57, 190). 
The earliest lesions induced by S. hyodysenteriae occur before the onset of 
clinical signs. These early lesions include: excess luminal mucus containing 
spirochetes and a few necrotic epithelial cells; dilated, congested blood vessels of 
the lamina propria; goblet cell hyperplasia, and edema of the lamina propria (2, 4). 
As the density of spirochetes in the lumen (especially in the crypts) increases, the 
lamina propria becomes erythemic, more edematous, and a mixed inflammatory cell 
infiltrate becomes apparent. The epithelium becomes progressively more necrotic 
at the shoulders of the crypts which results in sloughing of large sheets of epithelial 
cells into the lumen. The rupture of the epithelium results in the outpouring of 
fibrinous exudate, hemorrhage, and inflammatory cells out of the tissue and into the 
lumen. Concurrent with progressing epithelial damage, the crypts become dilated 
and the crypt depth is increased (2, 57, 190). Although spirochetal invasion of 
epithelial cells has been described (2, 46, 57, 190), invasion does not appear to be 
important or necessary for induction of disease. This is evidenced by the 
observation that lesions become apparent before epithelial cell invasion (2); and 
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invasion has been described in gnotobiotic animals which do not develop disease 
(130). 
The mechanisms of diarrheal illnesses have been categorized into four 
groups: 1) osmotic diarrhea, 2) inhibition of absorptive capability due to villous 
atrophy, 3) cyclic nucleotide induced secretion, or 4) malabsorption due to 
increased permeability (4). Mechanism 2 can be ruled out as a potential 
mechanism for swine dysentery because crypt elongation and not villous atrophy 
occurs during the course of the disease. Schmall et. al. reported no increases in 
cyclic nucleotide production in tissues affected with swine dysentery (161). The 
pathophysiologic mechanism in swine dysentery has been shown to be due to 
colonic absorptive failure alone (5). Hence, osmotic diarrhea can be ruled out and 
the mechanism would appear to be malabsorption due to increased mucosal 
permeability. However, Argenzio et. al. detected no changes in the permeability of 
the tissue affected with swine dysentery (5). Thus, the specific pathophysiologic 
mechanism of swine dysentery has yet to be unequivocally detailed. As will be 
discussed later, S. hyodysenteriae secretes a cytotoxin which has become a very 
attractive candidate for explaining the physiologic alterations associated with swine 
dysentery. Additionally, Argenzio alluded that the role of the host inflammatory 
response in the pathogenesis of swine dysentery cannot be ruled out (5). Swine 
dysentery is a complex disease and it is likely that a combination of the effects of 
the cytotoxin (which will be reviewed later), the host inflammatory response, and 
other undescribed factors all contribute to the course of disease. 
Epidemiology 
Swine dysentery has been reported in at least 36 countries located on 6 
continents (153). In 1981, 94% of finishing herds surveyed in the United Kingdom 
were affected with swine dysentery (188). In 1982, Egan et. al. reported that 40.9% 
of Iowa herds, 31% of Illinois herds, and 56% of Missouri herds were positive for 
serum antibody specific for S. hyodysenteriae at the time of slaughter (23). More 
recently (1992), samples tested from 17 states indicated that at least 11% of the 
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United States hog farms were seropositive for S. hyodysenteriae (112). The 
percent S. hyodysenteriae antibody positive herds decreased to 33% and 3% from 
1982 to 1992 for Iowa and Illinois swine herds, respectively. Thus, the prevalence 
of swine dysentery appears to be decreasing. Nonetheless, SD still remains a 
significant disease for swine producers. 
Transmission 
Pigs contract swine dysentery usually by ingestion of contaminated feces. 
Introduction of carrier swine into a herd can precipitate the development of swine 
dysentery (47). Carrier swine have been shown to shed S. hyodysenteriae in their 
feces for up to 90 days. Comingling carrier swine with naive pigs resulted in 
transmission of S. hyodysenteriae to the naive pigs followed by the development of 
swine dysentery in the naive animals (169). Pigs exposed to S. hyodysenteriae 
contaminated mouse feces have been shown to develop swine dysentery 11 to 13 
days post-exposure (68). Serpulina hyodysenteriae has also been recovered from 
a wild rat (41). Other non-rodent species have also been reported as being 
capable of harboring and shedding S. hyodysenteriae including; dogs (34, 168), 
flies (47), and birds (34). Additionally, herd managers can transmit the spirochete 
from buildings and/or lots housing infected swine to sites with naive swine (47). 
Diagnosis 
Presumptive diagnosis of swine dysentery can be made on the basis of 
clinical signs (e.g., dehydration, depression, and diarrhea with blood and/or mucus) 
and the presence of spirochetes in the feces observed under dark field microscopy. 
Hematological alterations and a febrile response have been reported to be 
inconsistent from pig to pig, hence they may be of little value (47). Definitive 
diagnosis can be made upon the isolation of S. hyodysenteriae from fecal samples, 
rectal swabs, or tissue samples. 
Identification of S. hyodysenteriae in these samples is made difficult by the 
presence of nonpathogenic spirochetes (including Serpulina innocens) related to S. 
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hyodysenteriae in the intestines of normal swine (87). S. hyodysenteriae forms a 
spreading colony morphology on blood agar concurrent with the production of 
strong beta-hemolysis. S. innocens has a similar colony morphology but is only 
weakly beta-hemolytic. S. hyodysenteriae can also be distinguished from S. 
innocens by enteropathogenicity testing in swine ligated colonic loops (202) and 
mice (73). 
Biochemical methods for differentiation of S. hyodysenteriae and S. 
innocens include: the API ZYM enzyme analysis kit (58), production of indole (10), 
and clinical biochemical tests (e.g., carbohydrate fermentation). Differentiation 
using rabbit antisera specific for S. hyodysenteriae after absorbtion with 
nonpathogenic intestinal spirochetes has also been reported (16, 99, 101). Recent 
studies addressing the molecular biology of Serpulina species have resulted in the 
development of molecular probes which can be used to differentiate S. 
hyodysenteriae and S. innocens by: RFLP analysis (67), 16S rRNA analysis (66), 
and genomic DNA analysis (171). Finally, epidemiological studies can be 
performed by using the ELISA technique for detection of serum antibodies specific 
for S. hyodysenteriae (78, 167). 
Models for Serpulina hyodysenteriae Infection 
Studies addressing the pathogenesis of swine dysentery can be costly when 
using the host animal. As a result, models have been developed using alternative 
species in which lesions similar to those of naturally occurring swine dysentery can 
be induced. Inoculation of day old chicks resulted in colonization of the ceca, 
appearance of diarrhea, and atrophied, edematous ceca filled with white, watery 
fluid (183). Concurrent with development of gross lesions, microscopic 
abnormalities occurred (e.g., hyperplasia of epithelial cells, crypt elongation, 
heterophilic cell infiltration into the mucosa, and erosion of superficial epithelial 
cells) (183, 184). The chick model offers an attractive alternative to other models 
when large tissue samples are needed (e.g., for the isolation of mucosal immune 
cells) because the chicken has two ceca. Guinea pigs also develop lesions similar 
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to those of swine dysentery following infection with S. hyodysenteriae (81). 
However, the guinea pig model appears to be less than ideal as over 50% of the 
inoculated guinea pigs died. 
Ligated intestinal loops have also been utilized to study the pathogenesis of 
swine dysentery. Knoop described the use of rabbit ligated ileal loops as a 
potential model for swine dysentery (90). Knoop's studies were only carried out to 
24 hours and as a result, only fluid accumulation and erosion of the epithelial cell 
layer was noted. Swine ligated colonic loops have been employed in 
pathophysiologic studies of swine dysentery (5, 105, 161) as well as for a rather 
impractical method for enteropathogenicity testing of S hyodysenteriae isolates 
(202). 
The most widely used model to conduct studies on swine dysentery is the 
murine model. The mouse model was first described by Joens and Clock (72). 
These researchers revealed that 2 consecutive, daily, intragastric inoculations with 
10^ to 10® virulent S. hyodysenteriae into 72 hour fasted CF1 strain mice would 
reproducibly result in cecal lesions. Grossly, the lesions were described as 
catarrhal inflammation with edema and occasional hemorrhage of the ceca. 
Microscopically, spirochetes were evident in large numbers in the crypts of the 
cecum and tissue alterations included mucosal edema, hyperemia, crypt dilation 
and epithelial erosion. Subsequently, these authors used the CF1 mouse model as 
a technique for enteropathogenicity testing of S. hyodysenteriae isolates (73). 
Other strains of mice have also been shown to be susceptible to the 
development of cecal lesions following infection with S. hyodysenteriae. Nibbelink 
and Wannemuehler examined the susceptibility of C3H, C57BL/6J, DBA/1J, and 
BALB/cByJ strains of inbred mice to S. hyodysenteriae infection. The C57BL/6J 
and DBAyi J strains were shown to be colonized and would develop cecal lesions 
following inoculation with S. hyodysenteriae whereas colonization of the BALB/cByJ 
strain was never detected (132). The C3H strains (C3H/HeN and C3H/HeJ) proved 
to be a much more reproducible model as greater than 70% of the mice infected 
with 10^ S, hyodysenteriae or more would become colonized and develop lesions. 
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This finding was in contrast to an earlier report in which lesions were unable to be 
induced following S. hyodysenteriae infection of LPS hyporesponsive C3H/HeJ 
strain mice (135), The role of the Ips gene locus and its influence on susceptibility 
to S. hyodysenteriae infection will be discussed later. 
Several attempts have been made to improve the mouse model for swine 
dysentery. BALB/c nude mice were shown to be more susceptible to the 
development of lesions induced by S. hyodysenteriae infection (180). These same 
authors later reported that Ta:CF#1 strain mice would reproducibly (i.e., 100%) 
become colonized and develop cecal lesions following inoculation with 10^ S. 
hyodysenteriae cells administered one time without any fasting of the mice (181). 
There have been no other reports using the Ta;CF#1 strain as a model for S. 
hyodysenteriae infection. Oral administration of streptomycin to mice has been 
shown to enhance the colonization of enteric pathogens (146). However, no effect 
was noted on S. hyodysenteriae colonization nor S. hyodysenteriae induced cecal 
lesions in C3H strain mice following oral administration of streptomycin (128). 
Finally, the reproducibility of lesion induction by S. hyodysenteriae ^Nas improved 
when mice were fed Teklad 85420 defined diet (133). The authors speculated that 
alterations in the cecal microflora contributed to the increased susceptibility of 
infection. This speculation is consistent with previous findings which showed that 
S. hyodysenteriae requires the presence of intestinal microflora to induce disease 
(45, 119, 205). The interaction of S. hyodysenteriae and the intestinal microflora 
will be reviewed later. 
Virulence Factors Associated with S. hyodysenteriae 
There have been numerous virulence factors associated with Serpulina 
hyodysenteriae and/or swine dysentery. These include; beta-hemolysin(s), 
lipopolysaccharide (LPS), motility, and NADH oxidase. This section briefly 
describes these factors as well as host attributes and their potential role in the 
pathogenesis of swine dysentery. 
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Hemolysin. Upon isolation of Serpulina hyodysenteriae, Harris et. al. 
noted that the organism produced beta-hemolysis on blood agar media (46). 
Additionally, Kinyon et. al. noted that the virulence of isolates of S. hyodysenteriae 
could be correlated with hemolytic activity (88). The first studies examining the 
biologic activity of the beta-hemolysin were performed in 1979 (142). A heat labile 
beta-hemolysin was isolated from log-phase broth cultures of spirochetes (160). It 
was shown that the yield of hemolysin was increased by adding RNA core to the 
extraction buffer (84, 91, 100, 142). Disrupted spirochetes do not produce 
hemolysin demonstrating that live organisms are required for its production (100). 
Biochemical studies have been performed on the hemolysin extracted from 
S. hyodysenteriae and the apparent molecular mass has been reported to be 74 
kDa (160), 68 kDa (91, 157), or 19 kDa (84). The discrepancies in the reported 
molecular mass may be due to different methods of isolation and/or to the type of 
carrier used to extract the hemolytic activity. Alternatively, S. hyodysenteriae may 
produce more than one hemolysin. Red blood cell lysis is temperature dependent; 
lysis does not appear to require the presence of divalent cations; and it occurs over 
wide pH range (157, 158, 160). Pronase (91, 160) and lipase (160) have been 
shown to abate hemolytic activity following treatment of the hemolysin indicating 
that the hemolysin is a lipid-protein complex. More recent genetic studies indicate 
that a cloned hemolytic activity is, at least, composed of protein (126). 
A gene encoding hemolytic activity from S. hyodysenteriae has been 
isolated and described. A 1.5 kilobase fragment incorporated into a plasmid vector 
and expressed in E. coli results in hemolytic colonies (126). This fragment 
contains an open reading frame capable of encoding a 26.9 kDa protein and is 
present in all tested strains of S. hyodysenteriae and absent in all strains of S. 
innocens tested. Insertion of a disrupted hemolysin gene into the chromosome of 
S. hyodysenteriae via homologous recombination results in a phenotype with 
decreased hemolytic activity (tlyA" mutant) indicating that there may be more than 
one hemolysin produced by S. hyodysenteriae (192). More recent research by 
these authors demonstrated the presence of two additional genes which encode 
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proteins with hemolytic activity when expressed in E. coli (191). The first described 
gene was designated tiyA and subsequently discovered putative hemolysin genes 
were designated tlyB (93.3 kDa) and tlyC (30.8 kDa) (191). 
The hemolysin(s) has long been predicted to be a virulence factor for S. 
hyodysenteriae. The above described tlyA" mutant has been shown to have 
reduced virulence in swine (60) and mice (192) indicating that it is not the only 
virulence factor required for induction of disease. The hemolysin has been shown 
to induce fluid accumulation following inoculation into ligated rat ileal loops with 
histologic changes similar to those described for natural infection of swine with S. 
hyodysenteriae (159). Subsequent research using ligated ileal and colonic loops of 
germ free swine demonstrated that macroscopic lesions could not be induced but 
microscopic lesions, including villus stunting and villus tip epithelial cell 
desquamation, were evident after injection of S. hyodysenteriae extracted 
hemolysin into the loop (12, 105). It should be noted that these researchers 
administered 100,000 hemolytic units in each loop. It is not known if this amount of 
hemolysin is reflective of those concentrations which are produced by S. 
hyodysenteriae in vivo. 
The mechanism of cell lysis by the beta-hemolysin produced by S. 
hyodysenteriae has not been definitively demonstrated. Utilizing osmoprotectants 
of various diameters, Hyatt et. al, predicted that the hemolysin formed a pore 
approximately 1.0-1.1 nm in diameter (59). Conversely, addition of carbohydrates 
to the lysing medium has been reported to have no effect (191), and partially inhibit 
hemolytic activity (158) indicating that the hemolysin does not form pores or that 
hemolysis occurs via more than one mechanism. The hemolysin does not appear 
to lyse red blood cells via proteolytic or phospholipase enzyme activities (158, 
160). These findings indicate that the mechanism of cell lysis by the beta-
hemolysin of S. hyodysenteriae is not similar to those of previously described 
hemolysins and most likely the lysis occurs via a novel mechanism. Studies by 
Akili et. al. support the notion that the hemolysis occurs via a novel mechanism. 
Addition of hemolysin to a monolayer of colonic epithelial cells (Caco-2 cells) 
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resulted in the diminution of the electrical resistance across the monolayer. 
Additionally, the hemolysin induced an increase in the intracellular concentration of 
calcium in Caco-2 cells as well as peripheral blood cells of swine and humans (1). 
This indicates that the hemolysin may decrease epithelial cell integrity by altering 
intracellular calcium concentrations. The effects of the hemolysin on porcine 
epithelial cells and its exact role in virulence have yet to be determined. 
Lipopolysaccharide/Endotoxin. Gram negative bacteria possess 
lipopolysaccharide (LPS) in the outer leaflet of the outer membrane. Injection of 
LPS extracted from E. coli into mammals elicits numerous responses including 
fever, acute phase responses, shock, and induction of inflammation. These events 
are mediated by numerous bioactive molecules (e.g., TNF, interleukins, interferons, 
CSF, PAF, arachidonic acid, and blood clotting factors) produced by the host (51). 
Silver stained SDS-PAGE gels of LPS extracted from S. hyodysenteriae reveal 2 to 
4 major bands (38, 39, 42). LPS isolated from attenuated strains of S. 
hyodysenteriae appears to be lacking the 24 kDa band and this band is also absent 
in extracts of the non-pathogenic Serpulina innocens (39). The significance of the 
24 kDa LPS moiety to the virulence of S. hyodysenteriae is unclear. 
Extraction of S. hyodysenteriae with hot phenol/water produces a protein 
free preparation of LPS whereas the use of butanol/water results in LPS associated 
with protein (endotoxin). The LD50 for the LPS preparation was shown to be 
approximately 380 |.ig and the LD50 for the endotoxin was 80 ng in galactosamine 
sensitized mice (37). The endotoxin isolated from S. hyodysenteriae has biologic 
activities similar to LPS extracted from E. coli or Salmonella sp. (e.g., toxicity to 
mice and mouse pentoneal macrophages (PECs); blastogenesis; and induction of 
lL-1 and TNF from PECs) but requires 5 to 50 fold higher amounts to induce the 
same effects. (37, 199). 
The potential role of LPS in the pathogenesis of swine dysentery was 
examined by infecting LPS responsive and hyporesponsive mice with S. 
hyodysenteriae. In the studies of Nuessen et. al. (135), LPS hyporesponsive 
C3H/HeJ strain mice failed to develop typical cecal lesions whereas the studies of 
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Nibbelink et. al. (132) revealed that this strain of mice would develop lesions but 
the infectious dose required to induce lesions was 100 fold higher for the C3H/HeJ 
when compared to the LPS responsive CSH/HeN mice. These studies indicate that 
LPS may be important in the pathogenesis of swine dysentery, however, the 
decreased activity of the serpulinal endotoxin suggests that this is not the case 
(37). Additionally, LPS extracted from S. hyodysenteriae has the same potency for 
inducing biologic activities as the LPS extracted from the nonpathogenic and 
closely related S. innocens (37). 
The LPS/endotoxin moiety of S. hyodysenteriae has biologic activities similar 
to those extracted from "conventional" Gram negative bacteria. Thus, the S. 
hyodysenteriae LPS has been implicated as a virulence factor in the pathogenesis 
of swine dysentery (135). A proposed mechanism for its role in virulence would be 
the induction of inflammatory mediators similarly to those of other Gram negative 
bacteria. Serpulina hyodysenteriae is a non-invasive organism and mediation of 
systemic endotoxemia and shock by the LPS of S. hyodysenteriae is unlikely. 
Alternatively, it may induce the production of inflammatory mediators by immune 
cells in the mucosal tissue following the loss of mucosal integrity. Due to the 
decreased biologic activity of the LPS of S. hyodysenteriae, this mechanism seems 
unlikely. This is supported by research reported by Nibbelink (130) in which LPS 
responsive gnotobiotic mice do not develop inflammation following colonization 
with S. hyodysenteriae. It is not known if the spirochete colonizes the colon of 
affected animals to high enough levels to account for the lack of biologic activity of 
its LPS. It should be noted that the colon harbors numerous Gram negative 
anaerobes and the role of their endotoxins in lesion formation is unclear. Due to 
the substantial amount of endotoxin present in the lumen (intestinal microflora), it is 
probable that the induction of inflammatory cytokines (e.g., lL-1, TNF-alpha) by the 
intestinal microflora would be more prone to prompt an immunopathologic 
inflammatory response than the endotoxin of S. hyodysenteriae. 
Motility. Serpulina hyodysenteriae is a motile organism and possesses 
periplasmic flagella characteristic of all spirochetes. The intestinal mucus serves 
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as a medium in which intestinal bacteria are trapped and thus their ability to 
interact with or attach to the epithelial surface is deterred. Using electron 
microscopy studies, Kennedy et. al. noted intimate association of S. hyodysenteriae 
with the colonic mucosa of infected animals (83). Specifically, these authors 
described colonization of the mucus overlying the epithelium and noted spirochetes 
occupying the crypts of Lieberkuhn. They did not detect adherence or attachment 
of the spirochetes to the epithelium. In contrast, S. hyodysenteriae has been 
reported to attach to cells in vitro (13, 92). Hog gastric mucin and porcine colonic 
mucin have been reported to be chemotactic for S. hyodysenteriae (83, 122), 
Thus, it has been hypothesized that colonization by S. hyodysenteriae is facilitated 
by chemotaxis to the intestinal mucus. The motility of S. hyodysenteriae would 
allow close association with the colonic wall by serving as a means to traverse the 
mucus barrier (122). 
It has been demonstrated that periplasmic flagella of S hyodysenteriae are 
composed of multiple proteins at least three of which form a core and two form a 
sheath surrounding the core (93). Disruption of either a core protein or a sheath 
protein resulted in decreased motility in vitro (154). However, in vitro growth was 
not affected by the inactivation of either of these genes. The virulence of the 
flagellar gene disrupted mutant strains has yet to be determined in vivo. These 
studies should provide definitive evidence for or against the role of motility as a 
virulence factor. 
NADH Oxidase. Although considered an anaerobic bacterium, S 
hyodysenteriae has been shown to require small amounts of oxygen (i.e., 1%) for 
optimum growth in vitro (178). Serpulina hyodysenteriae has been shown to 
produce NADH oxidase (176) which can reduce molecular oxygen. During the 
course of swine dysentery, there is a substantial quantity of red blood cells 
released into the lumen of the colon in affected swine. It has been proposed that 
via NADH oxidase, S. hyodysenteriae can consume the oxygen present in the 
lumen of the cecum and colon deposited there by the loss of red blood cells (173, 
176). Consumption of molecular oxygen by S, hyodysenteriae would be 
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advantageous as it would allow colonization of an anaerobe In a microenvironment 
not completely devoid of oxygen. 
Host Factors. Host factors that influence the susceptibility to swine 
dysentery have not been extensively researched. Genetic predisposition, diet, and 
stress have been implicated as potential factors important for the development of 
swine dysentery following Infection with S. hyodysenteriae. Nibbelink et. al. 
described the differing susceptibility of various strains of Inbred mice to the 
development of cecitis (132). It is not known if different breeds and/or genetic lines 
of swine are more or less resistant to Infection with and disease induction by S. 
hyodysenteriae. Stress conditions (e.g., change in feed, shipping, castration, 
overcrowding, and exposure to extreme changes in environmental temperatures) 
may precipitate the development of swine dysentery in carrier swine (47). Stress 
by starvation increases the reproducibility of experimentally induced disease in 
pigs and mice (personal observation). Diet may also influence the resistance of 
animals to swine dysentery. Colonization resistance to S. hyodysenteriae in swine 
has been reported to increase following feeding of a less fermentable rice-based 
diet (166) Furthermore, the susceptibility of laboratory mice to the development of 
lesions following Infection with S. hyodysenteriae has been shown to be Increased 
following feeding of a diet high in glucose (31, 133). It Is not known If these dietary 
changes are: 1) affecting subtrates required for growth of S. hyodysenteriae, 2) 
altering the microenvironment of the colon (e.g., pH, Eh), or 3) Indirectly affecting 
S. hyodysenteriae by changing/Influencing the indigenous microflora. 
Antibody Responses to SerpuUna hyodysenteriae 
Serum Antibody Response. Infection of swine with S. hyodysenteriae 
has been shown to induce production of serum antibody specific for S. 
hyodysenteriae. Infected swine sero convert producing IgA, IgM, and IgG serum 
antibodies (70, 148). Convalescent pigs are resistant to the development of 
lesions for up to 17 weeks following reexposure to S. hyodysenteriae (75, 136). 
Experimentally, S. hyodysenteriae has been shown to induce lesions In surgically 
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isolated colonic loops similar to those lesions observed in naturally and 
experimentally infected animals (202). Colonic loops inoculated with S. 
hyodysenteriae and homologous immune sera are passively protected from 
disease while heterologous immune sera only reduces the severity of lesions and 
normal sera provides no protection. Heat inactivated immune sera provides little 
protection in these loops indicating the role of complement in the immune mediated 
protection (71). Convalescent sera has been shown to mediate opsonization to 
murine peritoneal macrophages in a serotype specific manner (134). Additionally, 
virulent organisms are resistant to the effects of normal swine sera (79). Hence, it 
has been proposed that leakage of complement components and S. 
hyodysenteriae-specliic serum antibody into the lumen of affected swine mediate 
protection from swine dysentery (71). Furthermore, anti-LPS antibodies may play 
an important role in the stimulation of protective immune responses (134). 
Inhibition of lesions via serum leakage into the lumen implies that the organism has 
colonized and induced alterations of colonic function. Optimally, the immune 
response should prevent colonization of the organism before any pathologic 
changes occur. Therefore, proper stimulation of secretory IgA (slgA) antibodies 
and/or mucosal associated T lymphocytes specific for S. hyodysenteriae antigens 
would be necessary. 
Intestinal Antibody Response. Studies indicate that the presence of 
serum antibody provides partial or no protection from swine dysentery (25, 56, 65, 
137, 148). This is not surprising since S. hyodysenteriae is a non-invasive, 
intestinal pathogen. Theoretically, antibody secreted into the lumen of the colon 
would be more beneficial for providing immunity to S. hyodysenteriae. Anti-S. 
hyodysenteriae IgA antibodies have been demonstrated in the colonic washings of 
convalescent pigs (54, 70, 148). The intestinal washings from these pigs inhibit the 
growth of S hyodysenteriae in vitro whereas the washings from normal, unaffected 
swine had no effect (70). These results suggest a beneficial role for local antibody 
production in protection from swine dysentery. However, Rees et. al. proposed that 
colonic IgA was not continually produced in resistant pigs and hypothesized that its 
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presence indicated a recent exposure to S. hyodysenteriae rather than protective 
immunity (148). Protection from swine dysentery via sIgA has yet to be 
unequivocally demonstrated. 
Antibody to Periplasmic Flagella. Serpulina hyodysenteriae is a motile 
organism and possesses periplasmic flagella characteristic of all spirochetes. As 
discussed earlier, Serpulina hyodysenteriae is highly motile in viscous intestinal 
mucus which may aid in the ability of S. hyodysenteriae to colonize thus playing an 
important role as a virulence factor (83). Sera from convalescent swine recognize 
the flagella as an immunodominant antigen (77, 85, 198). This is not surprising 
since it is estimated that 5-10% of the total protein content of S. hyodysenteriae is 
flagellar protein (94). 
The role of flagellar proteins in the induction of protective immunity has been 
examined. Flagellar genes from S. hyodysenteriae have been cloned into E. coli. 
A S. hyodysenteriae gene product with a molecular mass of 25 kDa cross reacts 
with a 37 kDa flagellar antigen from S. hyodysenteriae (14). Immunization with this 
recombinant protein protected mice against oral challenge with homologous and 
heterologous serotypes of S. hyodysenteriae. However, other researchers failed to 
prevent disease progression in swine by immunizing with a cloned 38 kDa flagellar 
protein followed by challenge with S. hyodysenteriae (30). The 37 kDa antigen is 
speculated to be on the flagellar core (93). A gene encoding the 44 kDa flagellar 
sheath protein has also been cloned into E. coli but protection studies have yet to 
be performed with this recombinant protein. 
Outer membrane antigen extracts from S. hyodysenteriae primarily contain 
periplasmic flagella (77, 198), Immunization with sarcosine extracted outer 
membrane antigens protected mice (14) and partially protected swine (198) from 
the development of lesions following challenge with virulent organisms. However, it 
must be pointed out that these preparations also contain LPS/LOS as well. 
Antibody specific for LPS has been proposed to be important for protection from SD 
(71). The immunity induced by vaccination with outer membrane extracts may be 
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the result of an immune response to antigens of the outer membrane (e.g., proteins 
and 16 kDa lipoprotein) as well as the LPS. 
It is apparent from the above discussion that it is unclear whether the 
immune response to the flagella of S. hyodysenteriae results in protection from 
swine dysentery. The flagella of spirochetes are enveloped by an outer membrane 
making them presumably inaccessible to antibody. Therefore, it is difficult to 
envision the mechanism by which anti-flagellar sIgA or serum IgG would be of any 
benefit in eliminating intestinal spirochetes from the lumen. 
Antibody to a 16 kDa Outer Membrane Antigen. A 16 kDa lipoprotein 
has been described in the outer membrane of S. hyodysenteriae (194, 195) and is 
detected by convalescent swine sera. This lipoprotein has been detected in 
isolates of S. hyodysenteriae examined but not in the nonpathogenic spirochete, S. 
innocens (76, 163). However, the role of the 16 kDa lipoprotein in virulence is 
unknown. It is expressed at low levels and is highly antigenic (163). Polyclonal 
antiserum and monoclonal antibodies to the 16 kDa lipoprotein agglutinate and 
inhibit the growth of S. hyodysenteriae in vitro (163, 193). Its presence in 
pathogenic strains of Serpulina, the in vitro growth inhibition studies, and the fact 
that it is surface exposed make an immune response to this antigen potentially 
important for a protective immune response. 
Cellular Immune Responses to Serpulina hyodysenteriae 
Mast Cells. Mucosal mast cells (MMC) release histamine and other 
inflammatory mediators and it has been speculated that MMC may contribute to 
intestinal inflammation via the release of inflammatory mediators (24). However, it 
has been reported that numbers of MMC decrease in the ceca of mice following 
challenge with S. hyodysenteriae and mast cell deficient mice develop lesions 
similar to normal mice (131). Thus, MMC appear to play a limited role in the 
generation of the inflammatory response induced following infection with S. 
hyodysenteriae. 
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T Lymphocytes. The intestine has a large number of T cells. There is an 
immense variety of microbes which can colonize the intestine (pathogenic and 
commensal organisms) and as a result T lymphocytes can respond to them in 
numerous ways. These responses may be important for antibody generation as 
well as for orchestration of other cell mediated responses (CMI) including 
hypersensitivity, cellular differentiation, and activation of phagocytic cells. There is 
little information available regarding the stimulation of T cells by S. hyodysenteriae 
specific antigen. 
It has been shown that peripheral blood lymphocytes isolated from swine 
inoculated with either virulent or avirulent S. hyodysenteriae proliferate in vitro in 
response to S. hyodysenteriae antigens (64). These researchers also showed that 
infected pigs develop delayed-type hypersensitivity reactions when S. 
hyodysenteriae antigen was injected into the skin (DTH skin test). This indicates 
that T lymphocytes specific for S. hyodysenteriae antigens are induced following 
infection. The role of these S. hyodysenteriae specific T lymphocytes in the 
generation of protective immune responses has not been demonstrated. 
Experimental Vaccines for Swine Dysentery 
In comparison to other porcine diseases, little research has been directed at 
the mechanism of pathogenesis of S. hyodysenteriae. Nonetheless, numerous 
attempts have been made to create a vaccine to prevent swine dysentery. Control 
of swine dysentery via immunization would be optimal as this would eliminate the 
need to use expensive antimicrobials some of which leave residues in the meat of 
treated animals. Intramuscular vaccines for S. hyodysenteriae are, at best, partially 
protective. Immunization with 1 dose of adjuvanted, inactivated S. hyodysenteriae 
has been reported to reduce the severity and duration of clinical signs and weight 
loss but does not prevent lesion formation (25). Increasing the number of doses to 
two also provides only partial protection (i.e., decreased duration, death, and 
number of animals affected; and delayed onset of clinical signs) following 
homologous (43, 141) or heterologous serotype challenge (141). Protection from 
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heterologous strains Indicates that the immunity provided is not solely attributed to 
the response of the host to the endotoxin/LPS moiety. Similarly, three intravenous 
injections of formalin killed S. hyodysenteriae provided partial protection to pigs 
experimentally infected with S. hyodysenteriae (33). Other researchers have 
reported that six intravenous immunizations provided protection from clinical signs 
in 7 of 8 of challenged pigs (35). Unfortunately, an immunization regime of this 
type is impractical for most producers. Conversely, Olson at. al. demonstrated that 
vaccinated swine developed clinical signs earlier, had more severe signs, and died 
sooner when compared to the unvaccinated control animals (137). Hence, it 
appears that practical, parenteral vaccines do not provide complete immunity to 
swine dysentery. Furthermore, immunization may provoke the onset and 
development of clinical disease by priming lymphocytes specific for S. 
hyodysenteriae. Following colonization, the interaction of S. hyodysenteriae 
derived antigen with the S. hyodysenteriae specific lymphocytes could potentiate 
the inflammatory response via cytokine release (e.g., IFN-gamma). Oral vaccines 
may need to be employed to stimulate the local, mucosal response to S. 
hyodysenteriae. 
It is been suggested that oral immunization may be more effective than the 
traditional parenteral route at eliciting protective immune responses to intestinal 
pathogens (95, 114). Accordingly, attempts have been made to induce immunity to 
S. hyodysenteriae with oral vaccines. Oral dosing with high passaged, avirulent S. 
hyodysenteriae provides only partial (65) or no protection (55) from disease. 
Parental priming with inactivated S. hyodysenteriae followed by oral administration 
of attenuated organisms also afforded only partial protection (48, 56, 104). It 
appears that vaccination with S. hyodysenteriae may be beneficial by providing 
some degree of protection. The mechanism of this protection is unknown but does 
not seem to correlate with serum antibody specific for S. hyodysenteriae. 
Elimination of swine dysentery would require prevention of colonization and 
subsequent shedding of S. hyodysenteriae but none of the experimental vaccines 
to date have accomplished this feat. Effective control of swine dysentery may 
26 
require the use of vaccines in conjunction with antimicrobials and proper 
management practices (47). 
The Intestinal Microflora and Swine Dysentery 
Gnotobiotic Pig Studies 
It is now well established that S. hyodysenteriae is the causative agent of 
swine dysentery. However, shortly after Koch's postulates were fulfilled in 1972, 
Meyer et al. reported that germ-free swine monoassociated with S. hyodysenteriae 
did not develop diarrhea and lesions in the colon (117). These authors also 
described that biassociation of germ-free pigs with S. hyodysenteriae and Vibrio 
CO// (the agent which previously had been believed to cause swine dysentery) 
would not induce clinical signs or lesions in the inoculated animals. In the second 
paper of that series (118), the investigators modified their original protocol and 
inoculated the germ-free pigs with a cocktail of five bacteria (E. coli, a lactobacillus, 
Vibrio coli, a Clostridium, and S. hyodysenteriae). As with their previous study, the 
germ-free pigs did not develop disease when administered this combination of 
bacteria. However, pigs fed colonic scrapings from swine with experimental swine 
dysentery developed signs and lesions associated with swine dysentery (118). The 
authors concluded that "swine dysentery was a mixed infection caused by the 
interaction of two or more microbial agents, some of which apparently compose 
part of the normal intestinal flora" (118). 
The list of bacteria associated with S, hyodysenteriae in germ-free swine 
without subsequent lesion induction has been extended by other researchers. 
Brandenburg et al. reported that gnotobiotic pigs colonized with S. hyodysenteriae, 
Vibrio coli, and a peptostreptococcus sp. did not develop lesions (15). Similarly, 
Alexander et al. reported that S. hyodysenteriae colonized germ-free pigs 
contaminated with any of the following bacteria; a bacillus sp., 3 clostridial sp., 2 
coryneform sp. and 2 staphylococcal sp. did not develop swine dysentery (3). A 
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streptococcus sp. (203); Bacteroides ruminicola, Megasphera elsdenii, 
Campylobacter jejuni, and an unidentified Gram negative rod (204); and Acetivibrio 
ethanolgigner)S (150) have also been reported to be associated with S. 
hyodyser)teriae in gnotobiotic pigs without subsequent lesion formation. 
Perhaps more important than the types of bacteria that will not induce lesion 
formation in S. hyodysenteriae colonized gnotobiotic pigs is the types of bacteria 
that will. In follow up studies to their original description of the gnotobiotic 
paradigm, Meyer et al. demonstrated that biassociation of germ-free swine with S. 
hyodysenteriae and E. coli, a Clostridium sp,, and four enteric anaerobes (not 
identified by the authors but designated as either bacteroides and/or 
fusobacterium) of swine origin, would induce development of colonic lesions in 
these animals (119). These studies prompted other researchers to evaluate the 
role of the Gram negative, strict anaerobes in the pathogenesis of swine dysentery 
utilizing the gnotobiotic pig model. Germ-free pigs biassociated with S. 
hyodysenteriae and one Gram negative anaerobe (either Bacteroides vulgatus or 
Fusobacterium necrophorum) developed disease (45, 205). However, when both 
Bacteroides vulgatus and Fusobacterium necrophorum were triassociated with S. 
hyodysenteriae in gnotobiotic pigs, higher percentages of the pigs developed 
lesions and the lesions were generally more severe than those of the biassociated 
pigs (i.e., S. hyodysenteriae and either Bacteroides vulgatus or Fusobacterium 
necrophorum alone). This indicates that disease is more likely to occur when 
numerous species Gram negative anaerobic bacteria are present during S. 
hyodysenteriae infection. Indeed, the numbers of colonic mucosa associated 
anaerobes have been shown to be increased by approximately 10^/gram tissue and 
the predominant types of bacteria shift to Gram negative (particularly Bacteroides 
and Fusobacterium) when comparing diseased to control animals (7, 151). The 
role of the secondary bacteria (i.e., intestinal microflora) in the pathogenesis of 
swine dysentery has yet to be elucidated. 
Two mechanisms have been proposed to account for the synergistic effect of 
the secondary bacteria; (I) the interaction of the secondary bacteria with the host, 
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and/or (M) the interaction of S. hyodysenteriae with secondary bacteria (205). The 
intestinal microflora may provide some ecological factor (pH, Eh, nutritional 
requirement) to allow colonization of S. hyodysenteriae or to fully express 
pathogenicity (mechanism II). Alternatively, the microflora may interact with or 
stimulate the cells within the mucosal tissue thus initiating or augmenting an 
inflammatory response (mechanism I). Both mechanisms must be considered. 
Mechanism II implies that the secondary bacteria must be present to provide an 
appropriate microenvironment in which S. hyodysenteriae can multiply to high 
enough numbers to induce lesions in the large bowel. Early reports describing the 
inability of S. hyodysenteriae to induce lesions in monoassociated gnotobiotic pigs 
did not quantitatively evaluate the numbers of S. hyodysenteriae in the colons of 
infected animals. These studies determined only the presence or absence of the 
spirochete using either dark-field microscopy or bacteriologic culturing methods 
(15, 117, 118). It is not known if S. hyodysenteriae must multiply to certain levels 
before lesions are induced. There have been only three attempts to quantify the 
numbers of spirochetes in the colon of gnotobiotic pigs inoculated with S. 
hyodysenteriae. In two of these reports, S. hyodysenteriae did not colonize the 
colon of gnotobiotic pigs to detectable levels (45, 204). In the third account, S. 
hyodysenteriae was not detected in five of seven gnotobiotic pigs. The remaining 
two pigs had levels of S. hyodysenteriae greater than 10^ spirochetes/square cm of 
mucosa and lesions were observed in both of these pigs (205). However, it should 
be noted that these two pigs were also contaminated with Listeria dinitrificans or an 
unidentified Gram positive anaerobic rod. These results suggest that the 
secondary bacteria provide an environment in which the spirochete can multiply 
and establish colonization. However, more recent gnotobiotic studies utilizing the 
mouse model have established that S. hyodysenteriae can grow to high levels 
(10®/gram tissue) without induction of gross lesions (49, 80). Thus, it appears that 
the role of the secondary bacteria in the pathogenesis of swine dysentery is not 
simply to provide a suitable environment in which S. hyodysenteriae can multiply. 
Additional studies need to be performed which quantitatively evaluate the numbers 
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of S. hyodysenteriae in the colon of monoassociated and biassociated gnotobiotic 
animals. 
Mechanism I (from above) implies that the secondary bacteria must gain 
access to the tissue underlying the epithelium or at least be intimately associated 
with the colonic mucosa. Only one study has addressed the interaction of the 
secondary bacteria with the host tissue. Using fluorescent antibody techniques, 
Joens et al. reported that the spirochete was present in large numbers in the crypts 
and on the luminal surface of the colonic tissue. However, Bacteroides and 
Fusobacterium (the secondary bacteria associated with S. hyodysenteriae in the 
gnotobiotic pigs) were found only on the luminal surface (74). This suggests that 
the interaction of the secondary bacteria and mucosal tissue is minimal. Is this 
minimal interaction enough to incite an inflammatory response? It appears as if it 
is. As stated above, germ-free mice monoassociated with S. hyodysenteriae 
become colonized to high levels and no inflammation is detected even with the 
presence of potential proinflammatory antigens (spirochetal and food antigens) in 
the lumen. The addition of the secondary bacteria to this system precipitates the 
inflammatory response. The hypothesis that secondary bacteria contribute to the 
induction of the inflammatory response characteristic of swine dysentery needs to 
be investigated. 
Evaluation of the Contribution of the intestinal Microflora to Swine Dysentery 
Using the Mouse Model 
The gnotobiotic paradigm described for swine dysentery in pigs has also 
been reproduced in mice (49, 80, 130). Bacteroides vulgatus was used as the sole 
secondary organism in two of these studies (80, 130) whereas the third employed 
Bacteroides uniformis (49). Importantly, as stated above, S. hyodysenteriae 
colonized the ceca of monoassociated mice in high numbers thus supporting the 
concept that the role of the intestinal microflora is not merely to provide suitable 
growth conditions for S. hyodysenteriae. 
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The hypothesis that intestinal bacteria contribute to the formation of lesions 
during S. hyodysenteriae Infection is also supported by studies using conventional 
mice. The gnotobiotic phenomenon for S. hyodysenteriae infection has been 
mimicked in conventional mice. Oral administration of 5 antibiotics, to which S. 
hyodysenteriae is resistant, in the drinking water abrogates lesion development 
(130). The numbers of intestinal microflora present in the ceca of mice treated in 
this manner were shown to be decreased by 10^ organisms/gram ceca. Numbers 
of S, hyodysenteriae were greater than or equal to 10® organisms/gram ceca. 
Thus, the treatment did not affect levels of S. hyodysenteriae in the ceca and the 
abrogation of lesions were attributed to the reduction of the intestinal microflora. 
Feeding mice a defined, nutritionally complete diet (Teklad 85420) increases the 
susceptibility of mice to development of cecal lesions following intragastric 
inoculation with S. hyodysenteriae (133). These mice were reported to have 100 to 
10,000 fold increases in the numbers of intestinal microflora. The above studies 
suggest that altering the intestinal microflora can have profound effects on the 
outcome of lesion progression following infection with S. hyodysenteriae. 
Suenaga et al. demonstrated that susceptible Ta:CF#1 mice become 
resistant to infection following comingling with non-susceptible S1C:1CR mice 
(182). Additionally, oral treatment of Ta:CF#1 mice with fecal suspensions from 
S1C:ICR mice resulted in their resistance to infection and the transmitted 
resistance could be abrogated by heating the fecal suspensions to 70°C for 15 
minutes or by filtering the suspensions through a filter with pore sizes of 0.2 
microns. Thus, not only are there organisms which act synergistically with S. 
hyodysenteriae to induce lesions but there are also members of the intestinal 
microflora which can preclude colonization. Similar treatment regimens (i.e., oral 
administration of organisms which prevent S. hyodysenteriae colonization) may be 
an effective therapy for swine affected with swine dysentery. 
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Swine Dysentery: An Animal Model for Human Chronic Intestinal Inflammations? 
Human inflammatory bowel disease (IBD) can be categorized into two 
separate inflammatory processes: Crohn's disease (CD) and ulcerative colitis (UC) 
(145). Although CD and UC share a common fate (i.e., chronic, recurring intestinal 
inflammation), the postulated initiating events appear to be different for each 
disease (32, 145). Swine dysentery has been justifiably likened to human IBD (4). 
Specifically, the similarities between SD and UC are striking. The inflammation is 
restricted to the colon of affected individuals and both are described as chronic, 
recurring diseases. Microscopically, the inflammatory component of the two 
diseases is limited to the mucosa and there exists a mixed inflammatory cell 
infiltrate (i.e., neutrophils, lymphocytes, and plasma cells) (103). Additionally, 
epithelial erosion is common to SD and UC. However, the two conditions are not 
without their differences, namely: ulcerations of the mucosa have been described in 
UC whereas SD is a superficial mucosal inflammation without ulcerations; and the 
number of goblet cells is decreased in UC (103). Regardless of these differences, 
researchers attempting to elucidate the pathogenic mechanisms involved in SD can 
no longer ignore the similarities of these two disease processes. 
Intestinal Microflora in IBD 
The pathogenesis of SD remains unclear, although as described earlier, the 
intestinal microflora is essential for induction of the inflammatory response noted in 
the colon of affected animals. Similarly, the normal enteric flora has been 
implicated as a possible etiologic factor in IBD (89). There have been numerous 
studies demonstrating alterations in the types of bacteria present in the intestinal 
microflora in patients suffering from IBD (36, 82, 129, 155, 200, 201). One notable 
similarity between these reports is the increase in Gram negative anaerobic rods in 
the microflora of patients suffering from IBD. In particular, members of the 
"Bacteroldes fragilis" group were shown to be increased (82, 155). It is interesting 
to note that a member of the "Bacteroides fragilis" group (i.e., B. vulgatus) has been 
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shown to facilitate onset of lesions in gnotobiotic mice when biassociated with S. 
hyodysenteriae (130), The occurrence of IBD in married couples implicates an 
environmental factor as being important in the pathogenesis of these diseases (20, 
53, 149, 209, 210). A logical, but speculative, hypothesis for these diseases 
occurring in nonrelated individuals living in the same household is an adoption of 
the Gram negative microflora from the patient to the healthy mate. 
Studies regarding the intestinal microflora and its potential role in the 
pathogenesis of colitis in animal models for IBD is even more compelling than the 
above mentioned human studies, especially when comparing them to past studies 
involving S. hyodysenteriae. Previous studies have shown that gnotobiotic animals 
monoassociated with S. hyodysenteriae do not develop cecal lesions and oral 
administration of antibiotics in the drinking water of conventional mice has been 
shown to abrogate the induction of cecal lesions (130). Human leukocyte antigen 
B27 has been associated with numerous inflammations (e.g., spondylitis, arthritis, 
colitis, and genital inflammation) in humans (40), Transgenic rats expressing the 
human major histocompatability complex class I allele HLA-B27 have been 
reported to spontaneously develop prominent inflammation of the colon (40). 
However, no colitis develops when these animals are reared under germfree 
conditions (187). Similarly, administration of metronidazole in the drinking water of 
HLA-B27 transgenic rats attenuates the colonic inflammation (147). Another 
animal model for chronic colitis has been induced in rats by intracolonic 
administration with trinitrobenzenesulphonic acid (TNB) dissolved in ethanol. 
Treatment with broad spectrum antibiotics prevents development of colitis in these 
TNB treated animals (197). Collectively, these studies implicate the intestinal 
microflora as playing a role in the induction of colitis. What their role is remains to 
be defined. 
Phenotypic Characteristics of T Lymphocytes in IBD 
Altered immunoregulatory function has also been postulated as a factor in 
the etiology of IBD, The central cell type involved in regulation of the immune 
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system is the T lymphocyte. Phenotypic analysis of peripheral blood lymphocytes 
has revealed no alterations in the CD4:CD8 T cell ratio when comparing IBD 
patients to normal control subjects (164). However, analysis of peripheral blood 
lymphocytes does not represent the microenvironment of the mucosal lamina 
propria (LP). Numerous studies have evaluated the phenotypic characteristics of 
lamina propria T cells and there exists conflicting results. The helper/suppresser 
(H/S) ratio of LP T cells recovered from intestinal biopsies from IBD patients was 
similar to that of cells isolated from biopsies of control patients (162). The H/S ratio 
was also not changed when comparing inflamed tissue to normal tissue surgically 
removed from patients suffering from IBD (52). However, the H/S ratio was shown 
to be decreased in intestinal tissue samples from CD patients but not ulcerative 
colitis disease patients when comparing them to healthy control tissue (165). The 
percent CD4+ and CD8+ T cells in the LP mononuclear cell population was not 
shown to be significantly different when comparing inflamed versus healthy mucosa 
and patient versus healthy control biopsy samples (144, 162). In contrast, Shi-
zhen et. al. showed increased percentages in CD8+ cells but not in CD4+ cells in 
tissue samples from CD patients (165); however, no differences in the percentages 
of either CD4+ or CD8+ cells were detected in tissues from DC patients. 
The above results do not clearly indicate that an altered mucosal T 
lymphocyte population exists in the mucosa of individuals with IBD. However, 
these studies have not addressed the functional status of the LP T lymphocytes. 
Even though similar numbers may exist in diseased tissue, this does not rule out 
their role in the inflammatory process. It has been reported that the lymphocytes in 
the LP have increased numbers of activation markers on their cell surface (140). In 
particular, IL-2 receptor molecules are increased on T lymphocytes and 
macrophages (17, 164). Mucosal T lymphocytes from inflamed tissue have also 
been shown to have higher proliferative responses to a number of different 
microbial antigens (144). It appears that the lymphocytes in the diseased tissue 
are activated and this state of activation may be important (via cytokine secretion) 
in the pathogenesis of IBD. 
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T Lymphocyte Cytokines in IBD 
One of the functions of antigenically stimulated T cells is to secrete various 
cytokines which have numerous effects on many target cells. Conflicting results 
have been obtained when the cytokine levels have been examined in IBD tissues. 
IL-2 levels have been shown to be decreased (27) or increased in CD (127); but 
unchanged in UC following stimulation with mitogen (127). IL-1 levels have been 
reported to be elevated in IBD tissue (111, 179). Cominelli et. al. (18. 19) 
implicated lL-1 as a major factor in the pathogenesis of IBD. The reports on IL-6 
levels in inflamed mucosal tissue are also not in agreement. There have been 
reports of increased levels (179) or no alterations in the levels of IL-6 when 
compared to healthy tissue (111). Levels of tumor necrosis factor (TNF) have also 
been shown to increase (108) or not change in inflamed intestinal tissue (179). 
Interferon-/ (IFN-/) has not been detected as secreting spontaneously but upon 
mitogen stimulation of lymphocytes there is decreased production of this cytokine 
when compared to control tissue (26, 102, 108, 138). It is important to note that the 
changes in cytokine profiles have been described in severely inflamed tissue. It is 
not known if the cytokines are important in initiating the inflammation, or if their role 
is only secondary and they aid in the maintenance of the inflammatory response. 
Gene Knockout Models for Intestinal Inflammation 
The role of T lymphocytes in the pathogenesis of chronic intestinal 
inflammations has also been addressed using animal models of colitis. T cell 
receptor deficient (TCR-alpha and TCR-beta gene knockout mice) have been 
shown to develop inflammation of the large intestine which resembles UC (i.e., loss 
of goblet cells, elongation of crypts, inflammatory cell infiltrate) (123). Nude mice 
which lack a thymus but still have intestinal T cells and RAG-1 knockout mice 
which lack an essential gene for rearrangement of germ line TCR and 
immunoglobin genes (i.e., they lack both T cells and B cells) did not develop colitis. 
Additionally, interleukin 10 deficient (IL-10 gene knockout mice) mice have been 
reported to develop chronic enterocolitis under conventional rearing conditions 
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(96). However, when these mice are maintained under specific pathogen free 
(SPF) conditions, mild colitis develops only in the proximal colon. Finally, 
interleukin 2 knockout mice also develop colitis resembling that of human ulcerative 
colitis and housing of these mice under germfree conditions renders them free from 
intestinal inflammation (156). It can be concluded from these results that non T cell 
regulated B cells play a pivotal role in the development of the colitis as mice which 
are deficient in T and B lymphocytes do not develop spontaneous inflammation. In 
fact, it has been speculated that B cells which are not appropriately down-regulated 
by T cells (i.e., B cells in the TCR, IL-2, and IL-10 knockout mice) proliferate and 
secrete antibodies which incite colonic inflammation via complement fixation (123). 
However, more recent data indicate that B cells may not be important for the 
development of colitis and the primary cell type that induces inflammation is T cells. 
One study which supports this hypothesis is that of Davidson et. al. (21). They 
reported that when lamina propria CD4+ T lymphocytes isolated from IL-10 
knockout mice (which spontaneously develop colitis) were transferred to T and B 
cell deficient mice {RAG-2 knockouts, which are clinically normal), the recipients 
developed enterocolitis. This indicates that colitis can develop in the absence of B 
cells and their products (i.e., antibodies). It appears that improperly regulated 
CD4+ T cells can initiate the development of chronic enterocolitities but the 
mechanism for this is unknown. 
An Hypothesis for the Pathogenesis of Swine Dvsentery 
The above described studies provide evidence for the involvement of 
immune effector functions as well as the intestinal microflora in inflammatory 
diseases of the bowel. How each of these factors contribute to the inflammation 
has yet to be definitively proven but there exists a common theme among the 
hypotheses (103, 106, 107, 145). Molecules derived from the lumen of the colon 
(LPS, peptidoglycan, toxins, and other bacterial products) gain access to the 
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lamina propria through a "compromised" epithelial barrier. Once in the tissue, they 
induce inflammatory mediator release from local immune cells which results in the 
influx and activation of peripheral immune cells (i.e., macrophages, lymphocytes, 
neutrophils) to the colonic tissue. The activation of the effector arm of the immune 
system initiates a cascade of inflammatory events (i.e., complement fixation, 
proinflammatory cytokine secretion, prostaglandin and leukotriene release, and 
increased production of oxygen radicals and lysosomal enzymes). As the 
inflammation progresses, immunopathologic mediated tissue damage results. 
Tissue damage exacerbates the loss of the barrier function of the epithelium and 
more proinflammatory products from the intestinal microflora enter the tissue. A 
lack of down regulation (as evidenced by the studies with knockout mice) by the 
cell type that orchestrates the immune response (i.e., T cells) results in a self 
amplifying cycle of inflammatory events which ultimately manifests itself as clinical 
colitis. 
Because numerous immune mediated models involve the induction of 
intestinal inflammation, it has been postulated that the inflammation described in 
various types of colitities is a secondary consequence of some initiating factor 
which affects epithelial function (86). In other words, compromised epithelial 
function results in increased exposure of immune cells within the lamina propria to 
luminal antigens. This results in sustained inflammation because the inciting 
stimulus (i.e., intestinal microflora) is not eliminated. The epithelial abnormality is 
likely different for each disease, but the intestinal inflammation is induced via a 
common immunologic pathway. This may explain the histological similarities noted 
among these diseases. 
The initiating factor for DC has been postulated to be "a latent 'weakness' of 
the entire colonic epithelium" due to an energy deficiency (32). As stated before, 
there exists similarities between inflammatory diseases of the colon and swine 
dysentery. Serpulina hyodysenteriae has been shown to produce a beta-hemolysin 
which has detrimental effects on epithelial cells (1, 105). The hemolysin may be 
the "trigger" which facilitates the interaction between the intestinal microflora and 
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the immune cells in the mucosal tissue. This hypothesis is supported by the fact 
that hemolytic negative mutants of S. hyodysenteriae have been shown to be 
avirulent in pigs (60) and mice (192). The lack of sufficient inflammatory antigens 
in the lumen of gnotobiotic animals monoassociated with S. hyodysenteriae would 
explain the requirement for additional organisms within the intestinal microflora in 
order for the disease to manifest itself (45, 119, 205). The work described in this 
dissertation was performed based the hypothesis that the hemolysin, secreted by 
S. hyodysenteriae, induces epithelia damage which allows microflora-lymphocyte 
interaction and the resultant lymphocyte activation contributes to disease. The 
focus of this research was aimed at characterization of the activation status of 
mucosal T lymphocytes and their interaction with the intestinal microflora as well as 
characterization of a model which provides further evidence to implicate the 
intestinal microflora as having a role in the pathogenesis of swine dysentery. The 
antibiotic model for S. hyodysenteriae infection provides an excellent means to 
evaluate the interaction of the microflora with the immune cells as gnotobiotic 
animals are expensive and inconvenient to work with as well as having low levels 
of mucosal associated leukocytes. 
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CHAPTER 2. EFFECT OF DIET ALTERATION ON CECAL LESION 
DEVELOPMENT AND THE NUMBERS OF SERPULINA HYODYSENTERIAE 
COLONIZING THE CECA OF INFECTED MICE 
A paper to be submitted to Infection and Immunity 
Jeffrey E. Galvin and Michael J. Wannemuehler 
Abstract 
It has been previously demonstrated that mice become more susceptible to 
the development of cecal lesions following challenge with S. hyodysenteriae while 
being maintained on the Teklad 85420 diet as compared to normal Mouse Lab 
Chow diet. In the present study, administration of the Teklad 85420 diet to 
C3H/HeOuJ and C3H/HeJ strain mice from 2 days pre-infection to 2 days post­
infection (DPI) facilitated cecal colonization of S hyodysenteriae and the induction 
of severe lesions. However, following replacement of the Teklad 85420 diet with 
Mouse Lab Chow diet at 2 DPI, the severity of lesions decreased and the numbers 
of S. hyodysenteriae in the ceca were significantly reduced within seven days 
indicating that the Teklad 85420 diet facilitated S. hyodysenteriae colonization. 
Further experiments were designed to test this hypothesis. C3H/HeOuJ and 
CSH/HeJ strains of mice fed the Teklad 85420 diet from 2 days pre-infection to 3 
DPI developed severe cecal lesions (C3H/HeOuJ= 2.2; C3H/HeJ= 2.4). The 
Teklad 85420 diet was then replaced with the Mouse Lab Chow diet for seven days 
(i.e., day 3 through day 10 PI) and the severity of cecal lesions were significantly (p 
< 0.01) decreased (lesions scores; C3H/HeOuJ= 0.8; C3H/HeJ= 1.0) and was 
associated with a concomitant reduction in the numbers of S. hyodysenteriae per 
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gram ceca (C3H/HeOuJ, 3 DPI= 8.8 logio CFU/gram ceca, 10 DPI= 7.7 logio 
CFU/gram ceca; C3H/HeJ, 3 DPI= 8.4 logioCFU/gram ceca, 10 DPI= 6.8 logio 
CFU/gram ceca). At 10 DPI, Mouse Lab Chow diet was replaced with the Teklad 
85420 diet and both the C3H/HeOuJ (lesion score= 2.2) and C3H/HeJ (lesion 
score= 1.9) strains redeveloped moderate to severe cecitis within 3 days (i.e., 13 
DPI). The numbers of S. hyodysenteriae colonizing the ceca of C3H/HeOuJ mice 
did not significantly increase between 10 DPI (7.7 logio CFU/gram ceca) and 13 
DPI (8.0 logio CFU/gram ceca) even though the severity of lesions increased in 
these mice. However, the numbers of S. hyodysentehae in the cecal tissue of 
C3H/HeJ mice significantly rose (p £ 0.1) from 6.8 logio CFU/gram ceca at 10 DPI 
to 8.2 logio CFU/gram ceca at 13 DPI. The redevelopment of severe cecal lesions 
following return of the Teklad 85420 diet could be attributed to increased 
colonization of S. hyodysentehae for the C3H/HeJ strain mice but not for the 
C3H/HeOuJ strain mice. These results suggest that altering the diet can influence 
the development of lesions in S. hyodysentehae infected animals. This model 
could be used to address changes in the intestinal microflora and nutritional status 
and their effects on disease resistance in S. hyodysentehae infected animals. 
Introduction 
Swine dysentery is a mucohemorrhagic diarrheal disease of swine which is 
caused by a Gram negative spirochete termed Serpulina hyodysentehae (4, 18). 
Despite extensive research, the disease pathogenesis has yet to be fully 
elucidated. A murine model for S, hyodysentehae infection has been described 
and the lesions observed in mice are similar to those in swine (7, 8, 12, 14). 
Grossly, S. hyodysentehae induces catarrhal typhlitis following infection of mice 
with microscopic changes including submucosal edema, hyperemia, crypt dilation, 
crypt and goblet cell hyperplasia, epithelial erosion, and inflammatory cell infiltrates 
in the lamina propria (7, 12). 
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Changes in diet have been implicated as a potential factor affecting the 
development of clinical dysentery in swine (5). Nibbelink et al. reported that the 
susceptibility of mice was increased following a change in the diet to a nutritionally 
complete, but defined mouse diet (Teklad 85420) (15). Thus, dietary changes may 
be a predisposing factor in the pathogenesis of swine dysentery. Stress has also 
been proposed to be an important factor in susceptibility to S. hyodysenteriae 
infection (5). Previous work using the murine model for swine dysentery has 
required the use of an extended fasting period (as a stressor) as well as two doses 
of S. hyodysenteriae to consistently reproduce cecitis (7, 14). Extended fasting can 
have detrimental effects on immune function; hence studies using the mouse model 
to examine alterations of immune function following S, hyodysenteriae infection 
may be difficult to interpret. The present study was undertaken to; 1) determine 
what effect altering the diet of mice had on the development of cecal lesions and 
the numbers of S. hyodysenteriae colonizing the ceca and 2) develop a 
reproducible murine model of S. hyodysenteriae infection without the need for 
extended fasting periods. 
Materials and Methods 
Mice. C3H/HeJ and C3H/HeOuJ strains were originally purchased from 
Jackson Laboratories, Bar Harbor, ME. Mice for this work were obtained from 
breeding colonies maintained under controlled conditions at the Laboratory Animal 
Resource Facility, Iowa State University. The mice ranged from 6 to 12 weeks of 
age at the beginning of each trial. All studies were approved by the Iowa State 
University Committee on Animal Care and Use. 
Dietary regimes. Nutritional compositions of the two diets used during this 
study are listed in table 1. Both strains of mice were maintained on Mouse Lab 
Chow #5010 (Purina Mills Inc.) prior to the initiation of each trial. For trial 1, the 
Mouse Lab Chow was removed 2 days before infection (-2 DPI) and replaced with 
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the Teklad 85420 diet (Harlan Teklad, Madison, Wl). At two days post infection (2 
DPI) the Mouse Lab Chow was returned to the mice and they were maintained on 
this diet until termination of the experiment (fig. 1). To determine the effect of 
altering the diet on lesion development and colony forming units (CPU) of S. 
hyodysenteriae in the cecum (trial 2), the Mouse Lab Chow was removed -2 DPI 
and replaced with the Teklad 85420 diet. From 3 DPI through 10 DPI the mice 
were maintained on the Mouse Lab Chow and at 10 DPI the Teklad 85420 diet was 
returned to the mice until termination of the experiment (13 DPI) (fig. 2). Diets and 
water were supplied ad libitum to the mice throughout each trial. 
Bacteria and infection. S. hyodysenteriae strain B204 was grown under 
anaerobic conditions in trypticase soy broth supplemented with 5% horse serum, 
0.5% yeast extract and VPI salts as previously described (14). All cultures used for 
infection had been passed in vitro less than 25 times and were >95% motile. Mice 
were administered 1 dose of 1 x 10^ bacteria in 0.5 ml of media via gastric 
intubation. Feed was removed for approximately 5 hours prior to intubation and 
returned within 30 minutes postchallenge. 
Necropsy procedure and enumeration of S. hyodysenteriae. Mice were 
terminated by cervical dislocation at 3, 10, or 13 days postinfection. Gross lesion 
scores were determined using the following scale: 0 no gross lesions; 1 = 
presence of excess intraluminal mucus; 2 = excess intraluminal mucus and cecal 
atrophy only at the distal end of the cecum; 3 = excess intraluminal mucus and 
complete cecal atrophy. Numbers of S. hyodysenteriae were determined using a 
previously described selective medium (10) in a pour plate method. Ceca were 
excised and placed (with cecal contents) in sterile PBS (0.05M, pH 7.2) to achieve 
a 1:100 dilution (w:v) and blended in a laboratory stomacher. Serial ten-fold 
dilutions were performed in PBS and duplicate 0.1 ml samples of appropriate 
dilutions (10"^ to 10'^°) were mixed in 5 ml of molten trypticase soy agar (48°C) 
supplemented with five antibiotics selective for S. hyodysenteriae (10), 0.5% yeast 
extract, VPI salts, cysteine, and 5% citrated ovine blood. The inoculated medium 
was poured into 60 mm X 15 mm petri plates, allowed to solidify, and incubated 
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under anaerobic conditions at 37°C for 48 hours. Zones of hemolysis, representing 
individual colony forming units (CFU) of S. hyodysenteriae, were counted and the 
CFU/gram ceca was determined. Individual samples from colonies were examined 
by dark-field microscopy to confirm the presence of motile spirochetes. 
Statistics. The Student's ^-distribution was used to determine significant 
changes in cecal scores and logio CFU/gram ceca over the course of time for each 
trial. 
Results 
Determination of cecal lesion scores and enumeration of S. 
hyodysenteriae at various time points postchallenge. Cecal lesion scores and 
log,o CFU/gram ceca over time are illustrated for C3H/HeOuJ strain mice and 
C3H/HeJ strain mice in figures 3 and 4, respectively. While fed the Teklad 85420 
diet, C3H/HeOuJ strain mice had an average cecal lesion score of 3 + 0.0 (fig 3). 
Following replacement of the Teklad 85420 diet with the Mouse Lab Chow diet at 2 
DPI, the average cecal lesion score was significantly decreased (p < 0.01) at 4 DPI 
from 3.0 + 0.0 to 1.93 + 0.30. Maintaining the mice on the Mouse Lab Chow diet 
resulted in significantly decreased (p < 0.05) cecal lesion scores throughout the 
rest of the experiment (6 DPI= 0.923 + 0.29; 10 DPI= 0.533 + 0.26; 14 DPI= 0.583 
+ 0.34), Cecal lesion scores of infected C3H/HeJ strain mice, although not as 
severe at 2 DPI, mirrored those observed in the C3H/HeOuJ strain mice (fig. 4). 
While maintained on the Teklad 85420 diet (2 DPI), C3H/HeJ strain mice had 
significantly higher (p < 0.01) cecal lesion scores (2.27 + 0.26) when compared to 
those mice examined at later time points (4 DPI to 14 DPI) once the diet had been 
replaced with the Mouse Lab Chow diet (fig. 4), Infected mice maintained on the 
Teklad 85420 diet (diet controls) had severe lesions for up to 17 DPI (C3H/HeOuJ: 
2 DPI= 2.2 + 0.41, 4 DPI= 1,25 + 0.41, 10 DP1= 2.25 + 0.45, 17 DPI= 3.0 + 0.0; 
C3H/HeJ: 2 DPI= 2.75 + 0.22, 4 DPI= 1,75 + 0.54, 10 DPI= 2.25 + 0.41, 17 DPI= 
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2.25 + 0.38). Concomitant with the decrease in lesion scores, the numbers of S. 
hyodysenteriae also significantly decreased (p < 0.01) between 2 DPI (8.65 + 0.11 
logio) and 4 DPI (8.15 + 0.13 Ioqiq) and from 4 DPI throughout the rest of the 
experiment (p < 0.05) (6 DPi= 7.38 + 0.30 logio; 10 DPI= 7.27 + 0.21 logic; 14 DPI= 
6.74 + 0.52 logio) (fig 3). Similar to the C3H/HeOuJ strain mice, the numbers of S, 
hyodysenteriae colonizing the ceca of C3H/HeJ strain mice were significantly 
higher (p< 0.05) while the mice were fed the Teklad 85420 diet (2 DPI). 
Effect of diet alteration. The above data indicate that the severity of 
lesions and the numbers of S. hyodysenteriae per gram ceca may be increased 
while C3H strain mice are being fed the Teklad 85420 diet. Attempts were made to 
determine whether the severity of cecal lesions could be modulated by alternating 
the two diets fed to the mice. Figure 2 depicts the experimental protocol which was 
used to determine the effect of sequential dietary alterations on lesion development 
following infection with S. hyodysenteriae. C3H/HeOuJ and C3H/HeJ strain mice 
maintained on Teklad 85420 diet, as expected, developed moderate to severe 
cecal lesions within 3 DPI (C3H/HeOuJ= 2.2 + 0.37; C3H/HeJ= 2.4 + 0.19). As 
expected, seven days following return of the Mouse Lab Chow diet, the severity of 
the cecal lesions were significantly diminished in both strains of mice 
(C3H/HeOuJ= 0.8 + 0.49, p 5 0.1; C3H/HeJ= 1.0 ± 0.39, p < 0.05) (fig. 5 and 6). 
However, refeeding the Teklad 85420 diet (10 DPI to 13 DPI) resulted in the 
reappearance of moderate to severe lesions (C3H/HeOuJ= 2.2 + 0.37; C3H/HeJ= 
1.9 + 0.19) (fig. 5 and 6). Infected control mice continually fed the Teklad 85420 
diet exhibited moderate to severe lesions throughout the experiment (data not 
shown). 
The numbers of S. hyodysenteriae present in the cecal tissue of C3H/HeOuJ 
mice at 3 DPI (8.8 + 0.11 logio) was significantly greater than the numbers of S. 
hyodysenteriae present when the diet had been changed from the Teklad 85420 
diet to the Mouse Lab Chow diet for seven days (10 DPI) (7.7 + 0.25 logic) and 
when the Teklad 85420 diet was refed to the mice from 10 DPI to 13 DPI (8.08 + 
0.30 logic) (fig. 5). However, the numbers of S. hyodysenteriae per gram cecal 
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tissue did not significantly rise following refeeding of the Teklad 85420 diet from 10 
DPI to 13 DPI (fig. 5). In contrast, the C3H/HeJ strain mice had significantly lower 
levels of S. hyodysenteriae present in their ceca while they were maintained on the 
Mouse Lab Chow diet in comparison to when they were maintained on the Teklad 
85420 diet (10 DPI= 6.8 + 0.167 log,ocompared to 3 DPI= 8.36 + 0.18 logioand 13 
DPI= 8.2 + 0.25 logio) (fig. 6). 
Discussion 
Diet and stress have been proposed to be significant factors contributing to 
the susceptibility of animals to S. hyodysenteriae infection (5, 15). Consistent with 
a previous report, the results of the present studies indicate that S. hyodysenteriae 
induced cecal lesions in mice are more severe when the mice are fed the Teklad 
85420 diet as opposed to a conventional rodent chow (15). However, in contrast to 
those mice maintained on the Teklad 85420 diet, removal of the Teklad 85420 diet 
was found to decrease the severity of lesions concomitant with a reduction in the 
numbers of S. hyodysenteriae (fig. 3 and 4). Initially, the decrease in the severity 
of lesions was attributed to a reduction in the numbers of spirochetes present in the 
cecum of infected mice. It is unclear why the CFU of S. hyodysenteriae were 
reduced following a change in the diet, but the reduction in the numbers of 
spirochetes may have coincided with the expression of host immune defense 
mechanisms specific for S, hyodysenteriae. However, preliminary studies indicated 
that when the conventional diet was replaced with the Teklad 85420 diet at 14 DPI, 
the severity of lesions significantly increased by 17 DPI in comparison to a group of 
mice which were maintained on the Mouse Lab Chow diet (data not shown). This 
indicated that mucosal immunity specific for S. hyodysenteriae was incapable of 
preventing the rise in CFU and not responsible for the waning of cecal lesions 
following replacement of the Teklad 85420 diet with the Mouse Lab Chow diet. 
Thus, it was hypothesized that the increase in the severity of lesions was directly 
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attributable to the numbers of S. hyodysenteriae colonizing the cecum and that the 
dietary changes facilitated this colonization. 
In order to determine whether alterations in the diet of mice would influence 
the CFU of S. hyodysenteriae in the cecum and cecal lesion scores, C3H mice 
were infected while being fed the Teklad 85420 diet. At 3 DPI, the cecal lesions in 
these mice were moderate to severe (fig. 5 and 6). The Teklad 85420 diet was 
then replaced with the Mouse Lab Chow diet (fig. 2) at 3 DPI. Seven days after 
switching the feed back to the Mouse Lab Chow diet (10 DPI), the severity of the 
cecal lesions was mild. The remaining mice were then readministered the Teklad 
85420 diet for an additional 3 days and the severity of the lesions returned to a 
level that had been observed prior to a switch to the Mouse Lab Chow diet (fig. 5 
and 6). Quantitative analysis of the numbers of S. hyodysenteriae in the ceca of 
the C3H/HeOuJ mice revealed that the numbers of spirochetes present following 
administration of the Mouse Lab Chow diet (10 DPI) was 7.7 logio which was not 
significantly different than following readministration of the Teklad 85420 diet from 
10 DPI to 13 DPI (8.08 logio) (fig 5). Hence, the increase in the severity of lesions 
could not be solely attributed to increased colonization of the ceca by S. 
hyodysenteriae suggesting other factors contributed to disease. 
Returning the Teklad 85420 diet to the C3H/HeJ strain mice (i.e., 10 DPI to 
13 DPI) resulted in a significant increase in the numbers of S. hyodysenteriae 
present in the ceca (6.8 logio to 8.2 logio) (fig- 6) indicating that the increased 
lesion severity, in the C3H/HeJ mice, may have been due to greater spirochete 
colonization facilitated by readministration the Teklad 85420 diet. Nibbelink et al. 
reported that the infectious dose 50 (ID50) for S. hyodysenteriae in LPS hypo-
responsive mice (e.g., C3H/HeJ) was 7.9 logio whereas the ID50 for LPS responsive 
mice (e.g., C3H/HeOuJ) was 5.7 logio ("'4). Hence, C3H/HeJ strain mice are more 
resistant to the development of lesions than the CSH/HeOuJ strain as higher 
numbers of S. hyodysenteriae are required to induce disease. This difference in 
susceptibility may account for the decreased severity of lesions following feeding of 
the Mouse Lab Chow diet to C3H/HeJ mice for seven days (10 DPI). Alternatively, 
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increases in the density of cecal S. hyodysenteriae may be an indirect effect of the 
increased severity of lesions. In other words, severe lesions (facilitated by the 
Teklad 85420 diet) may allow S. hyodysenteriae to grow to higher numbers as 
opposed to the Teklad 85420 diet increasing the numbers of S. hyodysenteriae 
which, in turn, could subsequently induce severe lesions. 
Although both the Purina rodent chow and Teklad 85420 diets are 
nutritionally complete, their compositions are very different especially with respect 
to the sources of protein, carbohydrate, and fat (table 1). The protein source of the 
Purina rodent chow diet is a combination of corn, wheat, oats, soybean meal, and 
fish meal whereas the protein source of the Teklad 85420 diet is only egg white 
solids. The carbohydrate source for the Teklad 85420 diet is dextrose whereas the 
carbohydrate source for the Purina diet is determined as the "available nitrogen 
free extract". Thus, it is likely the carbohydrates available in the Puhna diet are 
complex as opposed to the simple source (dextrose) in the Teklad 85420 diet. 
Additionally, the Purina diet has animal fat added as a source of fat whereas the 
Teklad 85420 diet contains fat available only from corn oil. The effect of these 
differences between the two diets (i.e., protein, carbohydrate, and fat sources) 
likely has significant ramifications on the outcome of S. hyodysenteriae infection 
but their role in cecal lesion formation is unknown. 
it has been reported that the numbers of Gram positive and Gram negative 
organisms in the ceca of mice being fed the Teklad 85420 diet increase by 10"* and 
10^, respectively (15). The ability to modulate the severity of lesions (without 
significantly changing the numbers of S. hyodysenteriae present in the cecum) by 
altering the diet (fig 5) is hypothesized to be an effect of the increased numbers of 
commensal organisms. It is not known if the increase in the density of the 
commensal organisms creates an environment (e.g.. Eh or pH) which allows S. 
hyodysenteriae to fully express virulence or if the commensal organisms activate 
the host's inflammatory components. It would be expected that intestinal 
microfloral interaction (either directly by invasion or indirectly via toxin release) with 
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the host tissue underlying the epithelium would incite inflammation which, in turn, 
may mediate tissue damage. 
It has been previously reported that C3H mice fed the Teklad 85420 diet and 
orally administered, via the drinking water, an antibiotic cocktail which is included 
in the selective medium for the isolation of S. hyodysenteriae, did not develop cecal 
lesions even though there were comparable numbers of spirochetes in the ceca of 
these mice when compared to control mice maintained on normal water (13). Thus, 
the Teklad 85420 diet does not appear to directly enhance virulence of S. 
hyodysenteriae. Additionally, S. hyodysenteriae has been shown to colonize the 
ceca of germfree mice at 10® organisms per gram ceca (6) and it has been 
determined to be at 10® organisms per gram feces obtained from germfree mice (9) 
without the induction of cecal lesions in these animals. Thus, in the absence of an 
appropriate intestinal microflora, S. hyodysenteriae can colonize the cecum to high 
numbers without causing disease. Indeed, it is well accepted that S. 
hyodysenteriae requires the presence of other bacteria in the intestine in order to 
induce intestinal inflammation (3, 6, 9, 11, 13, 17). 
Previous studies utilizing the murine model of S. hyodysenteriae infection 
have required an extended fasting period (36 to 48 hours) before S. hyodysenteriae 
inoculation in order to consistently observe cecal lesions in a high percentage of 
the mice (7, 14). Fasting has been shown to have detrimental effects on immune 
function (1,2, 16). The fast period required for the murine model of S. 
hyodysenteriae infection likely has significant effects on immune function. 
Therefore, studies utilizing extended periods of fasting to examine immunologic 
changes associated with S. hyodysenteriae infection (e.g., lymphocyte and/or 
neutrophil activation or function) should be interpreted with caution. The present 
results provide an improved method of S. hyodysenteriae infection for the mouse 
model which eliminates the need of extended fasting and the administration of two 
doses while not sacrificing reproducibility of disease. Additionally, this model 
provides further evidence for the importance of environmental influences (e. g., 
diet) in the pathogenesis of swine dysentery. 
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= Teklad diet 
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= Mouse Lab chow diet 
= Necropsy (gross cecal lesions and culture) 
^ = Infection 
Figure 1. Dietary regimen of C3H/HeJ and C3H/HeOuJ mice. Mice received the 
Teklad 85420 diet from days -2 to +2 (heavy bar) and Mouse Lab Chow 5010 diet 
from days +2 until terminated (light bar). These diets are described in the materials 
and methods. At day 0, mice were infected with 1 x 10® S. hyodysenteriae strain 
B204 (up arrow). At the indicated time points randomly selected mice from each 
treatment group were examined for gross cecal lesions and the numbers of S, 
hyodysenteriae were determined (down arrows). 
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-2 0 3 10 13 
= Teklad diet 
= Mouse Lab chow diet 
A = infection 
X = Necropsy (gross cecal lesions ai nd culture) 
Figure 2. Dietary regimen of C3H/HeJ and C3H/HeOuJ mice. Mice received the 
Teklad 85420 diet from days -2 to +3 and on days +10 to +13 postchallenge (heavy 
bar) and the Mouse Lab Chow 5010 diet on days +3 to +10 (tight bar). These diets 
are described in the materials and methods. At day 0, mice were infected with 1 x 
10® S. hyodysenteriae strain B204 (up arrow). At the indicated time points 
randomly selected mice from each treatment group were examined for gross cecal 
lesions and the numbers of S. hyodysenteriae were determined (down arrows). 
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Figure 3. Numbers of S. hyodysenteriae and cecal lesion scores of C3H/HeOuJ 
mice at various times post-challenge (days). Mice were infected with 1 x 10® S. 
hyodysenteriae strain B204 on day 0. Mice were maintained on the Teklad 85420 
diet from day - 2 to day +2 postchallenge and then fed the Mouse Lab Chow diet 
for the remainder of the experiment (see fig. 1). Lesion scores (open bars) are 
described in the materials and methods. Numbers of S. hyodysenteriae are 
expressed as the logio colony forming units per gram ceca (broken line). Numbers 
of mice per group are as follows: 2 DPI=13, 4 DPI=14, 6 DPI=13, 10 DPI=15, 14 
DPi=11. Statistical significance for lesion scores are: a > b (p < 0.01), b > c (p < 
0.05). Statistical significance for S. hyodysenteriae logioCFU/gram ceca are: A > B 
(p <0.01), B > C (p<0.05). 
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Figure 4. Numbers of S. hyodysenteriae and cecal lesion scores of C3H/HeJ mice 
at various times post-challenge (days). Mice were infected with 1 x 10® S. 
hyodysenteriae strain 8204 on day 0. Mice were maintained on the Teklad 85420 
diet from day - 2 to day +2 postchallenge and then fed the Mouse Lab Chow diet 
for the remainder of the experiment (see fig. 1). Lesion scores (open bars) are 
described in the materials and methods. Numbers of S. hyodysenteriae are 
expressed as the logio colony forming units per gram ceca (broken line). Number 
of mice for each DPI=15. Statistical significance for lesion scores are; a > b (p £ 
0.01). Statistical significance for S. hyodysenteriae logioCFU/gram ceca are: A > B 
(p< 0.05). 
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Figure 5. Effect of diet alteration on cecal lesion development and numbers of S. 
hyodysenteriae in the ceca of C3H/HeOuJ mice. Mice were infected with 1 x 10® S. 
hyodysenteriae strain B204 on day 0. Mice were maintained on the Teklad 85420 
diet from day - 2 to day +3 postchallenge and then fed the Mouse Lab Chow diet 
from day 3 to day 10 postchallenge and then refed the Teklad 85420 diet for the 
remainder of the experiment (see fig. 2). Lesion scores (open bars) are described 
in the materials and methods. Numbers of S. hyodysenteriae are expressed as the 
logio colony forming units per gram ceca (broken line). Number of mice for each 
DPI=5. Statistical significance for lesion scores and S. hyodysenteriae logio 
CFU/gram ceca are a > b (p < 0.1) and A > B (p 5 0.05), respectively. 
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Figure 6. Effect of diet alteration on cecal lesion development and numbers of S. 
hyodysenteriae in the ceca of C3H/HeJ mice. Mice were infected with 1 x 10® S. 
hyodysenteriae strain B204 on day 0. Mice were maintained on the Teklad 85420 
diet from day - 2 to day +3 postchallenge and then fed the Mouse Lab Chow diet 
from day 3 to day 10 postchallenge and then refed the Teklad 85420 diet for the 
remainder of the experiment (see fig. 2). Lesion scores (open bars) are described 
in the materials and methods. Numbers of S. hyodysenteriae are expressed as the 
logio colony forming units per gram ceca (broken line). Numbers of mice per group 
are as follows: 3 DPI=15, 10 DPI=11, 13 DPI=12. Statistical significance for lesion 
scores and S, hyodysenteriae logioCFU/gram ceca are a > b (p < 0.1) and A > B (p 
< 0.01), respectively. 
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Table 1, Composition of the Purina Rodent Chow 5010 and Teklad 
85420 diets (g/kg). 
Ingredient Purina Rodent Chow #5010 Teklad 85420 
protein 235.0^ 200.0° 
carbohydrate 489.0' 634.27'' 
fat eo.o*" 100.0' 
cholesterol 0.275 -
fiber 44.0^ 30.0" 
ash 72.0 -
calcium 10.0 19.77 
potassium 9.2 2.28 
magnesium 2.2 2.48 
sodium 2.8 0.778 
fluorine 0.035 -
iron 0.0184 0.015 
zinc 0.124 0.0893 
manganese 0.115 0.166 
copper 0.020 0.015 
cobalt 0.00044 -
iodine 0.00073 0.0004 
chromium 0.00195 0.02 
selenium 0.0002 -
Vitamins 
carotene 0.0045 
menadione 0.0088 0.05 
thiamin 0.0865 0.022 
riboflavin 0.008 0.022 
niacin 0.1 0.099 
pantothenate 0.0254 0.066 
inositol - 0.11 
choline 2.2 1.43 
p-aminobenzoic acid - 0.11 
folic acid 0.006 0.002 
pyridoxine 0.006 0.022 
biotin 0.00011 0.004 
vitamin B12 0.000033 0.00003 
ascorbic acid - 0.99 
vitamin A (units/kilogram) 46,000.0 19,824.0 
vitamin D (units/kilogram) 4,400.0 2,202.5 
vitamin E (units/kilogram) 66.1 121.15 
''Source- corn, wheat, oats, soybean meal, fish meal 
"Source- egg white solids 
"Carbohydrate determined as the available nitrogen free extract 
"Source- dextrose 
"Source- soybean oil and animal fat 
'Source- corn oil 
''Source- cellulose, hemicellulose, lignin 
"Source- cellulose 
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CHAPTER 3. TREATMENT OF CONVENTIONAL MICE WITH ORAL 
ANTIBIOTICS ABOLISHES DEVELOPMENT OF CECAL LESIONS WITHOUT 
ALTERING CECAL POPULATION DENSITIES OF SERPULINA 
HYODYSENTERIAE 
A paper to be submitted to Infection and Immunity 
Jeffrey E. Galvin and Michael J. Wannemuehler 
Abstract 
It is well accepted that germfree animals do not develop intestinal 
inflammation when infected with S. hyodysenteriae. We describe a model in 
conventional mice which mimics the germfree phenomenon for S. hyodysenteriae 
infection. Mice are normally susceptible to the development of cecal lesions 
induced by S. hyodysenteriae, however, they failed to develop lesions when 
maintained on an oral antibiotic cocktail (rifampin, colistin, spiramycin) 
administered in the drinking water. The abrogation of lesions by the antibiotics 
could not be attributed to reduced numbers of S. hyodysenteriae colonizing the 
ceca. Quantitative analysis of the cecal microflora in mice treated with oral 
antibiotics revealed no detectable reduction in the total bacterial load. In contrast 
to mice maintained on normal water, strict anaerobes were not cultivable from the 
ceca of mice treated with oral antibiotics. This model provides further evidence to 
implicate the intestinal microflora as having an active role in disease and, 
additionally, an alternative means to the gnotobiotic animal for elucidating the role 
of intestinal microflora in the pathogenesis of swine dysentery. 
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introduction 
Swine dysentery is a mucohemorrhagic diarrheal disease of pigs. The 
disease is confined to the large bowel and characterized as a severe catarrhal 
enteritis with hemorrhage (12). Microscopically, early lesions consist of superficial 
vascular congestion, edema of the lamina propria, and epithelial cell separation (2). 
The lesion then progresses to patchy necrosis of the epithelium with crypt cell 
hyperplasia, crypt elongation, lamina proprial mixed inflammatory cell infiltrate, and 
excess mucus production (38). Rather than secretory in nature, the diarrheic 
condition can be attributed to colonic malabsorbtion (4, 31). 
The etiologic agent of swine dysentery is a Gram negative spirochete termed 
Serpulina hyodysenteriae (12, 33). The mechanism of pathogenesis has not been 
clearly defined, however potential virulence factors associated with S. 
hyodysenteriae are a p-hemolysin (18, 30, 34), motility (16), and an endotoxin-like 
moiety (9, 27). A murine model for swine dysentery has been described and cecal 
lesions are histologically similar to those observed in swine (14, 25). Thus, mice 
provide a readily available and reproducible model for studying the mechanism(s) 
of pathogenicity of S. hyodysenteriae. 
Inoculation of S. hyodysenteriae into germfree animals (e.g., swine and 
mice) results in colonization with the spirochete but macroscopic lesions and 
clinical disease are not induced (5, 11, 13, 15, 19-21, 24, 37). However, 
biassociation of selected bacteria (e.g., certain members of the anaerobic intestinal 
microflora) with S. hyodysenteriae in gnotobiotic animals results in lesion 
production (11, 13, 15, 21, 37). S. hyodysenteriae colonization without induction of 
lesions has also been attained in conventional mice (23). Conventional mice 
administered a cocktail of five antibiotics (colistin, vancomycin, rifampicin, 
spiramycin, and spectinomycin) in their drinking water do not develop lesions 
following challenge with S. hyodysenteriae. The abrogation of lesions in these 
mice was hypothesized to be due to the reduction in the numbers of commensal 
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organisms in the cecal microflora (23). The previous research implicates the 
importance of the intestinal microflora in the pathogenesis of swine dysentery but 
its role in lesion induction has yet to be clearly defined. The present work further 
characterizes the antibiotic model of S. hyodysenteriae infection by examining the 
effects of oral administration of three antibiotics (rifampin, colistin, spiramycin) on 
the ability of S. hyodysenteriae to colonize the ceca and their effects on the 
indigenous cecal microflora. The findings support the hypothesis that S. 
hyodysenteriae requires the presence of members of the intestinal microflora to be 
able to induce disease in gnotobiotic animals. The synergistic effect of the 
intestinal microflora is not solely attributed to the intestinal microflora providing an 
environment suitable for S. hyodysenteriae to colonize the large bowel in numbers 
capable of inducing disease. 
Materials and Methods 
Mice, C3H/HeOuJ mice were originally purchased from Jackson 
Laboratories, Bar Harbor, ME. Breeding colonies were maintained at the 
Laboratory Animal Resource Facility, College of Veterinary Medicine, Iowa State 
University and screened twice per year for the presence of common contaminating 
rodent pathogens. Mice were fed autoclaved Mouse Lab Chow #5010 (Purina 
Mills, St. Louis, MO.) until two days prior to infection and then maintained on the 
Teklad TD 85420 diet throughout the experiment as previously described (26). 
Mice were 6 to 12 weeks of age at the time of experimentation. All studies were 
approved by the Iowa State University Committee on Animal Care and Use. 
Antibiotic solutions. Drinking water for orally administered antibiotics was 
supplemented with three antibiotics at the following concentrations: colistin, 6.2 
f,ig/ml; spiramycin, 15.2 |.ig/ml; and rifampicin, 12.5 [.ig/ml. Antibiotic drinking water 
was changed every 2-3 days during the trials. 
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Bacteria. S. hyodysenteriae B204 was cultivated in trypticase soy broth 
supplemented with yeast extract, VPI salts, cysteine, and equine serum as 
described previously (25). Highly motile (>95%) spirochete cells were counted with 
a Petroff-Hauser counting chamber and utilized as the challenge inocula. 
Infection procedure. All mice were fed Teklad 85420 diet beginning 2 days 
prior to and throughout the challenge period. Antibiotic solutions were 
administered 3 days before S. hyodysenteriae challenge and replaced with normal 
drinking water at 6 days postinfection. 
Treatment groups. Mice were placed into the following treatment groups, 
noninfected/nontreated controls (group I), noninfected mice treated with antibiotics 
(group II), S. hyodysenteriae infected mice not administrated oral antibiotics (group 
III), and mice infected with S. hyodysenteriae and administered oral antibiotics 
(group IV), A portion of the mice from each group was necropsied at day 3 
postinfection. The antibiotic containing water was replaced with normal water for 
groups 2 and 4 at day 6 postinfection and the remaining animals from all groups 
were necropsied at day 18 postinfection. 
Necropsy procedure and bacteriologic examination of ceca. Ceca were 
examined for gross lesions and scored as previously described (25): 0, no grossly 
evident lesions: 1, presence of excess intraluminal mucus; 2, presence of excess 
intraluminal mucus and organ atrophy in the apex; 3, presence of excess 
intraluminal mucus and severe organ atrophy and edema. Whole ceca and 
contents were individually weighed and blended in a Stomacher laboratory blender 
(A. J. Seward Inc., London, Eng.) in a 1:100 w:v dilution in sterile saline. Serpulina 
hyodysenteriae colony forming units were quantified in a pour plate assay using 
selective antibiotics for S. hyodysenteriae (17). Total numbers of aerobic and 
anaerobic bacteria were determined by the spread plate technique using trypticase 
soy agar supplemented with 5% ovine blood. Numbers of aerobic and anaerobic 
Gram positive and Gram negative bacteria were determined by the spread plate 
method utilizing phenylethanol agar and eosin methylene blue plates, respectively. 
Phenylethanol plates were incubated in an atmosphere with 5% CO2 and all 
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anaerobic plates were incubated in anaerobic jars under an atmosphere of 10% 
H2:10% CO2: 80%N2. 
Identification of cecal microflora. One group of mice was administered 
antibiotics in their drinking water for three days while their respective control group 
was maintained on normal water. Mice from each group were randomly selected 
and a sample their cecal contents was plated onto anaerobic blood agar based 
media and kanamycin-vancomycin supplemented blood agar based media. 
Individual strictly anaerobic colonies were selected, Gram stained, and identified 
with the An-IDENT bacteriologic identification system. The antibiotic supplemented 
drinking water was removed from the remaining mice at day three post-treatment 
and twelve days later members of the cecal microflora were identified in the same 
manner as those of day three post-treatment. 
Determination of the levels of Bacteroides species. One group of mice 
was administered antibiotics in their drinking water for three days while their 
respective control group received normal water. Mice were randomly selected and 
their ceca was excised, individually weighed, and blended in a Stomacher 
laboratory blender in a 1:100 w:v dilution in sterile saline. Serial dilutions were 
performed in sterile saline and the logio CFU of Bacteroides species per gram ceca 
was enumerated on trypticase soy agar supplemented with 5 g/ml yeast extract, 0.5 
g/ml cysteine, 5 |.ig/ml hemin, 1 |.ig/ml vitamin K, 5% bovine blood, 100 |.ig/ml 
kanamycin, and 7.5 ng/nnl vancomycin (KV media). The selective ability of the KV 
media was confirmed by randomly picking colonies and identifying them using the 
An-IDENT bacteriologic identification system. 
Immunoblot analysis of cecal contents. Mice were fed the Teklad 85420 
diet while being administered one of the following three oral antibiotic treatments. 
1. normal water; 2. water with colistin at 6.2 jiig/ml, spiramycin at 15.2 ng/ml, and 
rifampicin at 12.5 |.ig/ml; or 3. water with colistin at 6.2 |.ig/ml, spiramycin at 15.2 
ng/ml, rifampicin at 12.5 ng/ml, spectinomycin at 200 |.ig/ml, and vancomycin at 6 (.i 
g/ml (Sigma, St. Louis, MO). Following a six day treatment, five mice per group 
from each of the above 3 treatments were terminated by cervical dislocation and 
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the ceca were excised, placed in sterile PBS, and vigorously shaken for 1 minute. 
The cecal tissue was removed and the slurry was centrifuged at 10,000 RPM in a 
high speed centrifuge (Sorvall RC 5B Plus) using an SS-34 rotor (Sorvall, 
Wilmington, DE) for 10 minutes. The pellet was resuspended in 50 ml of sterile 
PBS, frozen, and lyophilized. The lyophilized cecal contents were weighed and 
resuspended in water. Twenty micrograms of protein was boiled for 3 minutes in 
sample buffer and electrophoretically separated in a 12.5% sodium dodecyl sulfate 
polyacrylamide gel (Hoefer Scientific Instruments, San Francisco CA) using a 
constant current of 10 mAmp. The gels were equilibrated in transfer buffer for 5 
minutes and transferred (3 mAmp for 12 hours) to a PVDF membrane (Immobilon-P 
Transfer Membrane, Millipore Corp., Bedford, MA) in a transblot cell (Hoefer 
Scientific Instruments, San Francisco CA). Following transfer, the membrane was 
washed once in deionized water and blocked with 2.6% skim milk in PBS for 30 
minutes at 37°C. The membrane was then washed 2 times in PBS and then 
incubated for 2 hours at 37°C with serum (obtained from mice infected with S. 
hyodysenteriae 15 days earlier) diluted 1:25 in PBS 1.3% skim milk. Following two 
washes with PBS, the membrane was incubated with alkaline phosphatase 
conjugated polyclonal goat antibodies (diluted 1;500) specific for murine IgM and 
IgG immunoglobulins (Kirkegaard and Perry Laboratories, Gaithersburg, MD) for 1 
hour at 37°C. The membrane was then washed 2 times in PBS, 3 times in 
deionized water, and one time in 0.01 M tris buffer. Finally, the membranes were 
developed using the following substrate; 1.5 mg/ml Fast Red (4-chloro-2-
methylbenzenediazonium; Sigma Chemical Co., St. Louis, MO) and 0.75 mg/ml 
naphthol-AS-MX phosphate (Sigma) dissolved in 0.01 M tris buffer. 
Results 
Effect of oral antibiotics on cecal lesion development and colonization 
of S. hyodysenteriae. The current study was designed to examine the effects of 
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oral antibiotic treatment on cecal lesion development and the colony forming units 
(CFU) of cecal microflora after challenge with S, hyodysenteriae. In agreement 
with previous studies (23), treatment with oral antibiotics before challenge 
abrogated the ability of S, hyodysenteriae to induce severe lesions (fig. 1). The 
inability of S. hyodysenteriae to induce lesions was not related to insufficient 
numbers of the spirochete in the ceca of the mice treated with oral antibiotics. 
There were no significant differences in the CPUs of spirochetes recovered from 
either treated (8.41 + 0.26) or untreated mice (8.65 + 0.15) (fig. 1). 
As expected, twelve days following replacement of the oral antibiotic 
drinking water with normal drinking water, lesions developed in the mice previously 
treated with antibiotics (group IV: fig. 2). The mice maintained on normal water and 
infected with S. hyodysenteriae still had grossly evident lesions (group III; fig. 2). 
There were still similar numbers of S. hyodysenteriae in the ceca of the infected, 
untreated control mice (8.8 + 0.07) at 18 DPI when compared to the mice 
previously treated with antibiotics (8.13 + 0.04) (fig. 2: group 111 vs. group IV). 
Effect of oral antibiotics on the levels of cecal microflora. The numbers 
of total aerobic and cultivable anaerobic bacteria (fig. 3) and aerobic and cultivable 
anaerobic Gram negative bacteria (fig. 4) were unexpectedly two to three logio 
higher in the mice treated with oral antibiotics irrespective of the presence of S. 
hyodysenteriae. Oral antibiotic treatment significantly reduced the levels of aerobic 
Gram positive organisms detected in the ceca of S. hyodysenteriae infected mice 
from 7.9 log,Q (fig. 5, group III: normal water) to 2.3 log,g (fig. 5, group IV: antibiotic 
water) and from 8.21 log^^ (fig. 5, group I: normal water) to 4.1 log,^ (fig. 5, group 11: 
antibiotic water) in the noninfected control groups. Similarly, the cultivable 
anaerobic Gram positive bacteria were significantly reduced from 8.6 log^Q (group 
III) to less than 3 log^^ (group IV) and from 8.4 log^^ (group I) to 2.4 log^^ (group II) 
for the S. hyodysenteriae infected groups and the noninfected control groups, 
respectively (fig. 5). 
Twelve days following removal of the antibiotics from the dnnking water the 
numbers of aerobic and anaerobic Gram positive bacteria detected in the ceca of 
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oral antibiotic treated groups recovered to the levels of those groups which were 
maintained on normal drinking water throughout the experiment (fig. 6). The two to 
three logio increase in the total CPUs of aerobes, and cultivable anaerobes, as well 
as the aerobic Gram negative, and anaerobic Gram negative bacteria was not 
detectable twelve days after replacement of the antibiotic supplemented water with 
normal water (fig. 7 and 8). In fact, there were no statistically significant 
differences across any of the treatment groups when comparing within each 
category of bacteria. 
Identification of cecal bacteria following oral antibiotic treatment. 
Surprisingly, preliminary studies indicated that there was similar levels of intestinal 
bacteria present in the ceca of mice treated with oral antibiotics in their drinking 
water when compared to mice maintained on normal drinking water. Since 
quantitative changes in the intestinal microflora were not evident between 
treatments, we therefore attempted to qualitatively examine, by identification, any 
alterations of the cecal microflora following oral antibiotic treatment. Numerous 
species of bacteria were isolated and identified from the ceca of the antibiotic 
treated and untreated mice (table 1). Previous experiments had indicated that 
Bacteroides sp. were dominant members of the cecal microflora in the colony of 
mice used for these experiments (data not shown). However, Escherichia coli and 
a Proteus species were isolated from all groups irregardless of treatment (table 1). 
These genera of bacteria proved to be common commensal organisms obtained 
from cecal contents. This was not surphsing as the numbers of Gram negative 
bacteria were greater than 8 logio per gram ceca (fig. 4). Therefore, susceptibility 
to kanamycin and vancomycin (KV media) was utilized to inhibit the growth of E. 
coli and Proteus sp. The KV media was utilized to isolate Gram negative anaerobic 
bacteria (specifically Bacteroides sp.) for subsequent identification. In contrast to 
the control mice maintained on normal drinking water, Bacteroides vulgatus was not 
isolated from the ceca of mice following a three day administration period with oral 
antibiotics (table 1). In fact, no strictly anaerobic Gram negative bacteria were 
recovered from the mice treated with antibiotics. However, twelve days following 
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replacement of the antibiotics with normal drinking water, B. vulgatus and two 
Fusobacterium species were isolated from the ceca of these mice (table 1). 
Quantitative analysis of Bacteroides species in the ceca of antibiotic 
treated mice. The above results suggest that, qualitatively, strict anaerobic 
bacteria in the ceca of mice were eliminated following oral antibiotic treatment. 
Specifically, no Bacteroides species could be isolated from these mice (table 1). 
Therefore, the numbers of Bacteroides species per gram ceca were enumerated 
using medium selective for grovi^h of this group of organisms (i.e., kanamycin-
vancomycin media). Mice maintained on normal drinking water had 8.9 + 0.26 logio 
CFU/gram ceca of Bacteroides species (table 2). In contrast, the numbers of 
Bacteroides species in the ceca of mice treated with oral antibiotics was less than 4 
logio CFU/gram ceca (table 2). Species of bacteria isolated on the KV media from 
mice maintained on normal drinking water are as follows: Bacteroides distasonis, 
Bacteroides capillosus, and Prevotella veroralis (formerly Bacteroides veroralis). 
immunoblot analysis of cecal contents. In order to assess the presence 
of immunologically reactive components in cecal contents, cecal contents obtained 
from untreated mice, mice treated orally with three antibiotics (rifampicin, colistin, 
and spiramycin), or mice orally treated with five antibiotics (rifampicin, colistin, 
spiramycin, spectinomycin, and vancomycin) were analyzed by immunoblotting 
using sera collected from mice seventeen days after infection with S. 
hyodysenteriae. The mouse sera reacted faintly with numerous bands (ranging 
from less than 20 kDa to greater than 100 kDa in size) in the cecal contents 
obtained from the untreated mice (fig. 9, lane B). A very prominent band was noted 
at approximately 90 kDa. A band with identical mobility and immunoreactivity as 
the 90 kDa band detected in the normal contents was also present in 6. vulgatus 
whole cell antigen preparation (fig. 9, lane E). In contrast, the cecal contents 
obtained from mice orally treated with three antibiotics contained much less 
reactivity except for a diffusely staining band at approximately 16-20 kDa (lane C). 
Virtually no bands were demonstrable in the lane containing cecal contents 
obtained from mice treated with five antibiotics (lane D), Normal (i.e., noninfected) 
mouse sera reacted with antigens between 15 and 28 kDa which resembled LPS 
reactivity. Additionally, normal mouse sera reacted with a 90 kDa antigen but with 
less intensity than the sera obtained from infected mice (lane A). 
Discussion 
Previous experiments have proven that administration of five antibiotics in 
the drinking water of mice abrogates the ability of S. hyodysenteriae to induce 
lesions in othenA^ise susceptible C3H mice (23). It is likely that treating mice with 
the five antibiotics may have decreased the ability of S. hyodysenteriae to colonize 
the ceca. Indeed, although S. hyodysenteriae colonized the ceca of mice treated 
with five antibiotics in their drinking water to greater than six logio, this level of 
colonization was approximately five-fold less per gram ceca than those mice 
maintained on normal drinking water (23), Thus, it could be hypothesized that the 
antibiotics were inhibiting growth of S. hyodysenteriae in the ceca of treated mice. 
The five antibiotics used in the previous study were the antibiotics used in the 
selective medium for isolation of S. hyodysenteriae from clinical samples (17). In 
preliminary experiments for this study, the presence of bacteria resistant to all five 
of the antibiotics made it difficult to accurately quantify the numbers of S. 
hyodysenteriae recovered from each cecum. Thus, two of the five antibiotics were 
not included in the antibiotic cocktail and the cocktail was administered two days, 
as opposed to six days, before infection to circumvent this problem. Even though 
the treatment time was shortened and fewer antibiotics were administered, lesion 
formation was abrogated following infection with S. hyodysenteriae (fig. 1). This 
treatment regimen also allowed accurate analysis of the numbers of S. 
hyodysenteriae in the ceca of mice treated with oral antibiotics. Treatment with the 
three oral antibiotics did not significantly reduce the numbers of S. hyodysenteriae 
colonizing the ceca of mice indicating that abrogation of lesions by the antibiotics 
was not attributable to a reduction in the CPUs of S. hyodysenteriae. 
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The above results show that oral treatment with antibiotics does not affect 
the ability of S. hyodysenteriae to colonize the ceca of mice. It can be speculated 
that although the spirochete is present in high numbers, the antibiotics may not 
allow S. hyodysenteriae to fully express virulence traits. However, this does not 
appear to be the case as we have isolated S. hyodysenteriae from the ceca of mice 
treated with oral antibiotics and cultured it in vitro for ten passages in the presence 
of the same antibiotic concentrations which were administered to the mice. This 
isolate was used to infect mice in which severe lesions were induced (data not 
shown). This suggests that the ability of the antibiotics to abrogate lesion formation 
is not due to a negative effect on the virulence potential of the spirochete; and 
additionally, it can be interpreted that the antibiotics have not selected for an 
avirulent or attenuated S. hyodysenteriae. However, further experiments examining 
the electrophoretic protein profiles and/or gene expression of S, hyodysenteriae 
cultured in the presence of antibiotics need to be performed to confirm this 
hypothesis. 
Nibbelink (23) hypothesized that the abrogation of lesions by the antibiotics 
was due to a reduction in the total numbers of gut associated normal flora. In fact, 
they reported a five log^^ decrease in the levels of Gram positive, Gram negative, 
and total cultivable anaerobic bacterial CPUs. The present work demonstrates no 
decreases can be detected in the levels of cecal intestinal microflora in mice (either 
total organisms or Gram negative organisms) treated with oral antibiotics and 
colonized with S. hyodysenteriae when compared to untreated/infected control mice 
(fig. 3 and 4). One limitation of the present study was the method of isolation of 
anaerobic cecal bacteria. Tissue manipulation and dilutions were not performed 
using rigorous anaerobic techniques (i.e., glove box or Coy chamber). Hence, 
oxygen sensitive organisms may not be represented in the results. Previous 
reports have estimated that there are approximately 10^^ bacteria/gram of human 
fecal speciman (7). In the present studies, 10® to 10^° bacteria/gram cecum were 
recovered (fig. 3). The lower numbers of organisms cultivated is likely due to the 
anaerobic methods employed. Further experiments need to be performed using 
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proper anaerobic techniques to determine if the oral antibiotic treatment decreases 
the numbers of strictly anaerobic bacteria. Nonetheless, even with this limitation, 
S. hyodysenteriae was unable to induce disease in the presence of 10^° CPUs of 
intestinal bacteria. This supports the hypothesis that only selected bacteria have 
the capacity to induce intestinal inflammation when present in the colon of S, 
hyodysenteriae infected animals. Indeed, previous gnotobiotic research has 
revealed that Vibrio co//(19, 20), Micrococcus (11), Peptostreptococcus (5), 
Lactobacillus (13, 20), Clostridium (3, 20), E. coli (13, 20), Staphylococcus 
epidermidis (3, 13), Enterococcus faecalis (13), Bacteroides thetaiotaomicron (13), 
Streptococcus (36), Bacillus (3), or Corynebacterium (3) can colonize the large 
intestine with S. hyodysenteriae without induction of colitis. Most of the organisms 
which lack the ability to cause disease when present with S. hyodysenteriae in 
gnotobiotic animals are Gram positive. Thus, the reduction in the numbers of Gram 
positive organisms by the oral antibiotics in this study is probably not responsible 
for the abrogation of lesions (fig. 5). 
The Gram negative anaerobes (specifically Bacteroides sp. and 
Fusobacterium sp.) have been the only genera shown to posses the ability to 
consistently produce lesions when inoculated with S. hyodysenteriae in gnotobiotic 
animals (11, 13, 15, 21, 23, 37). Attempts to quantify the strict, Gram negative 
anaerobes present in the ceca of oral antibiotic treated mice failed because of the 
presence of high numbers of facultatively anaerobic organisms. However, 
qualitative analysis revealed that no strict anaerobes were detected from the ceca 
of the mice treated with antibiotics whereas they were present in the ceca of 
untreated, control mice (table 1). This suggests that the oral antibiotic treatment 
eliminated or reduced the levels of strict anaerobes. Indeed, quantitative 
examination revealed that the numbers of Bacteroides species were reduced by at 
least 10^/gram ceca as determined by the use of selective medium (i.e., KV 
medium) (table 2). Members of the Bacteroides species are constituents of the 
indigenous microflora colonizing the ceca of C3H mice maintained at the 
Laboratory Animal Resource facility at Iowa State University as they have been 
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isolated from this colony of mice on numerous occasions (personal observation). 
These observations indicate that the ability of oral antibiotics to abrogate cecal 
lesion development may be due to elimination of the Gram negative anaerobes 
and/or selected members of the Gram negative anaerobes. The role of these 
bacteria in the pathogenesis of swine dysentery is not understood but it has been 
proposed that they are: I) interacting with S, hyodysenteriae to facilitate 
colonization or expression of virulence; and/or II) interacting with the host to 
provide the necessary inflammatory stimulus to induce or enhance intestinal 
disease (37). 
Two rat models for chronic intestinal inflammation display striking similarities 
to the findings reported here. First, transgenic (TG) rats expressing human major 
histocompatability marker, HLA-B27, spontaneously develop a chronic, multisystem 
inflammation involving the intestine, joints, skin, and male genitalia (10). When 
reared under germfree conditions, these animals show no evidence of intestinal or 
joint inflammations thus implicating the intestinal microflora as having a pivotal role 
in the induction of the inflammation (32). Recently, Rath et al. demonstrated that 
selective decontamination of the anaerobes, by oral administration of 
metronidazole, from the intestine of conventional TG HLA-B27 rats significantly 
reduced the intestinal inflammation occurring in these animals (29). Chronic 
intestinal inflammation can be induced in rats by intracolonic administration of 
trinitrobenzenesulphonic acid (TNB). Rats treated in this manner develop acute 
inflammation in the colon which becomes chronic and can persist for up to six 
weeks post-treatment (22). Oral administration of imipenem plus vancomycin 
(broad spectrum antibiotics) significantly reduced colonic inflammation while 
concomitantly reducing the levels of strict anaerobes to below detectable levels 
(35). Additionally, these authors reported that treatment with imipenem alone 
increased mortality which was attributed to colonic overgrov^rth of Bacteroides sp. 
Collectively, these results indicate that anaerobic bacteria in the colon can 
contribute to the course of spontaneously developing intestinal inflammation. The 
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exact role of the anaerobic intestinal microflora in the induction of colonic 
inflammation is not known. 
Breeling et. al. demonstrated that carrageenan-induced colitis could be 
enhanced by previous immunization with outer membrane antigens of B. vulgatus 
(6). Thus, specific immune responses to commensal organisms in the colon 
augment intestinal inflammation. Serum antibody levels specific for digesta 
antigens with molecular masses of 90 and 44 kDa are enhanced following infection 
with S. hyodysenteriae (fig. 9). A 90 kDa band with similar immunoreactivity is also 
present in B. vulgatus whole cell preparations indicating that 8. vulgatus expresses 
this antigen in vivo and increased specific immune responses are generated to it 
following S. hyodysenteriae infection. The 90 kDa antigen is very immunoreactive 
as silver stained gels of B. vulgatus reveal only a negligible staining band at this 
molecular weight (data not shown). It is unknown if the enhanced response to the 
90 kDa antigen is contributing to intestinal disease or if it is a consequence of the 
inflammation. Members of the Bacteroides species likely only represent a small 
percentage of the organisms present in the cecal contents of these mice. As a 
result, responses to other common intestinal organisms also need to be evaluated. 
The inability of intestinal inflammation to resolve in human inflammatory 
bowel diseases (IBD) and models for IBD has been hypothesized to be due to the 
sustained interaction between luminal derived macromolecules (i.e., bacteria and 
their products) with subepithelial host tissue as a result of "compromised epithelial 
barrier function" (8, 28). The cause of compromised epithelial barrier function in 
human IBDs remains unclear. S hyodysenteriae has been shown to secrete a 
cytotoxin which has detrimental effects on epithelial cell lines (1). Although these 
effects have yet to be demonstrated in vivo, they provide evidence that S. 
hyodysenteriae can induce the loss of epithelial barrier function. 
It is hypothesized that the oral antibiotic treatment is eliminating or reducing 
the levels of strictly anaerobic Gram negative bacteria thereby resulting in 
decreased interaction of luminal-derived phlogistic molecules with host tissue 
underlying the epithelia. As a result, immunocytes residing in the lamina propria 
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are confronted with less inflammatory stimuli. Consequently, the inflammatory 
response associated with S. hyodysenteriae infection is not initiated. Further 
studies evaluating the interaction of the anaerobic bacteria with intestinal immune 
cells need to be performed to confirm this hypothesis. It would be expected that 
immune cells isolated from animals colonized with S, hyodysenteriae but without 
intestinal inflammation (i.e., gnotobiotic and oral antibiotic treated animals) have 
decreased inflammatory activity in comparison to immune cells isolated from 
normal, S. hyodysenteriae infected animals. In conclusion, this model supports the 
hypothesis that the presence of selected bacteria are required for the induction of 
lesions following infection with S. hyodysenteriae and it provides further evidence 
for the importance of intestinal microflora in the pathogenesis of swine dysentery. 
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Figure 1. Cecal lesion scores and numbers (logio) of S. hyodysenteriae in the ceca 
of C3H/HeOuJ mice treated with antibiotics in their drinking water. Ceca (n=2) from 
each group of mice were excised, homogenized in sterile saline, serially diluted, 
and S. hyodysenteriae colony forming units were quantified in a pour plate assay 
using selective antibiotics for S. hyodysenteriae. Group designations were as 
follows. I. noninfected/nontreated controls, 11. noninfected/antibiotic treated mice, 
III. infected mice not administered oral antibiotics, and IV. infected mice 
administered oral antibiotics. Lesion score index is described in the materials and 
methods. Numbers of animals included in each group were: 10, *"= 9, 5, ''= 2. 
*= p< 0.001. 
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Figure 2. Cecal lesion scores and numbers (logio) of S. hyodysenteriae in the ceca 
of C3H/HeOuJ mice twelve days following replacement of antibiotic supplemented 
drinking water with normal drinking water. Ceca (n=2) from each group of mice 
were excised, homogenized in sterile saline, serially diluted, and S. hyodysenteriae 
colony forming units were quantified in a pour plate assay using selective 
antibiotics for S. hyodysenteriae. Group designations were as follows: I. 
noninfected/nontreated controls, II. noninfected/antibiotic treated mice. III. infected 
mice not administered oral antibiotics, and IV. infected mice administered oral 
antibiotics. Lesion score index is described in the materials and methods. 
Numbers of animals included in each group were; 11, ''= 5, "= 5, '^= 2. 
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Figure 3. Colony forming units (logio) of total bacteria In the ceca of mice treated 
with antibiotics In their drinking water. Ceca (n=2) from each group of mice were 
excised, homogenized in sterile saline, serially diluted, and the colony forming units 
of total bacteria per gram cecum were determined using a spread plate technique 
on tryptlcase soy blood agar. Aerobic plates were incubated at 37°C and 
anaerobic plates were Incubated at 37°C under an atmosphere of 10% H?: 10% 
CO2: 80% N2. Group designations are as follows: I. noninfected/nontreated 
controls, II. noninfected/antibiotic treated mice. III. infected mice not administered 
oral antibiotics, and IV. infected mice administered oral antibiotics. 
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Figure 4. Colony fornning units (logio) of Gram negative bacteria in the ceca of 
mice treated with antibiotics in their drinking water. Ceca (n=2) from each group of 
mice were excised, homogenized in sterile saline, serially diluted, and the colony 
forming units of Gram negative bacteria per gram cecum were determined using a 
spread plate technique on eosin methylene blue agar. Aerobic plates were 
incubated at 37°C and anaerobic plates were incubated at 37°C under an 
atmosphere of 10% Ha. 10% CO2: 80% N2. Group designations are as follows: I. 
noninfected/nontreated controls, II. noninfected/antibiotic treated mice. III. infected 
mice not administered oral antibiotics, and IV. infected mice administered oral 
antibiotics. 
98 
CO o 0) 
o 
E 
2 CT 
3 
LL 
o 
o 
5 
o 
10 -
8 -
6 -
4-
2 -
^ T 
1 
D Aerobes 
S3 Anaerobes 
.SCO-
I 
IV 
Treatment Group 
Figure 5. Colony forming units (logio) of Gram positive bacteria in the ceca of mice 
treated with antibiotics in their drinking water. Ceca (n=2) from each group of mice 
were excised, homogenized in sterile saline, serially diluted, and the colony forming 
units of Gram positive bacteria per gram cecum were determined using a spread 
plate technique on phenylethanol agar. Aerobic plates were incubated at 37°C with 
5% CO2 and anaerobic plates were incubated at 37°C under an atmosphere of 10% 
H2: 10% CO2; 80% N2. Group designations are as follows: I. 
noninfected/nontreated controls, II. noninfected/antibiotic treated mice, III. infected 
mice not administered oral antibiotics, and IV. infected mice administered oral 
antibiotics. 
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Figure 6. Colony forming units (logio) of Gram positive bacteria in the ceca of mice 
twelve days following replacement of antibiotic supplemented drinking water with 
normal drinking water. Ceca (n=2) from each group of mice were excised, 
homogenized in sterile saline, serially diluted, and the colony forming units of Gram 
positive bacteria per gram cecum were determined using a spread plate technique 
on phenylethanol agar. Aerobic plates were incubated at 37°C with 5% CO2 and 
anaerobic plates were incubated at 37°C under an atmosphere of 10% H2: 10% 
CO2: 80% N2. Group designations are as follows: I, noninfected/nontreated 
controls, II. noninfected/antibiotic treated mice, III. infected mice not administered 
oral antibiotics, and IV. infected mice administered oral antibiotics. 
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Figure 7. Colony forming units (logio) of total bacteria in the ceca of mice twelve 
days following replacement of antibiotic supplemented drinking water with normal 
drinking water. Ceca (n=2) from each group of mice were excised, homogenized in 
sterile saline, serially diluted, and the colony forming units of total bacteria per 
gram cecum were determined using a spread plate technique on trypticase soy 
blood agar. Aerobic plates were incubated at 37°C and anaerobic plates were 
incubated at 37°C under an atmosphere of 10% Hj. 10% CO2: 80% N2. Group 
designations are as follows: I. noninfected/nontreated controls, II. 
noninfected/antibiotic treated mice. III. infected mice not administered oral 
antibiotics, and IV. infected mice administered oral antibiotics. 
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Figure 8. Colony forming units (logio) of Gram negative bacteria in the ceca of 
mice twelve days following replacement of antibiotic supplemented drinking water 
with normal drinking water, Ceca (n=2) from each group of mice were excised, 
homogenized in sterile saline, serially diluted, and the colony forming units of Gram 
negative bacteria per gram cecum were determined using a spread plate technique 
on eosin methylene blue agar. Aerobic plates were incubated at 37°C and 
anaerobic plates were incubated at 37°C under an atmosphere of 10% H?: 10% 
CO2: 80% N2. Group designations are as follows: I. noninfected/nontreated 
controls, II. noninfectcd/antibiotic treated mice. III. infected mice not administered 
oral antibiotics, and IV. infected mice administered oral antibiotics. 
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Table 1. Species of bacteria isolated from the ceca of antibiotic treated and 
untreated mice. 
Treatment Group Bacteria Identified 
Day 3 postinfection 
control'' E. coli, Proteus sp., Citrobacter sp., alpha-
hemolytic streptococcus, B. vulgatus, 
Clostridium ramonosum 
antibiotic'' E. coli, no strict anaerobes detected 
Day 18 postinfection 
control® £. coli, Proteus sp., B. vulgatus, 
Porphyromonas gingivalis 
antibiotic'"' E. coli, Proteus sp., B. vulgatus, F. 
necrophorum, F. varium 
Control mice received normal water. 
'' Antibiotic treated mice received water supplemented with antibiotics, 
" Antibiotics removed 12 days earlier. 
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Table 2. Colony forming units of bacteria isolated on kanamycin-vancomycin 
selective media from the ceca of antibiotic treated and untreated mice. 
" Control mice received normal water. 
Results expressed as mean Ioqiq colony forming units per gram ceca. 
" Species of bacteria isolated. Prevotella veroralis, Bacteroides distasonis, 
and Bacteroides capillosus 
" Antibiotic treated mice received water supplemented with antibiotics. 
® CFU were less than 4 logio per gram ceca. 
Treatment Group CFU (logic) /gram ceca 
control" 
antibiotic" 
8.9 +.26"' 
<4^ 
104 
Figure 9. Immunoblot analysis of cecal contents obtained from mice. Cecal 
contents were extracted as described in the materials and methods. Twenty 
micrograms of protein was electrophoreticaliy separated on a 12.5% SDS-PAGE 
gel and blotted to a PVDF membrane. Sera from control mice (Lane A) and S. 
hyodysenteriae infected mice (Lanes B through E) were collected at 17 DPI and 
incubated on the membrane at a 1.50 dilution. Antibodies specific for digesta 
antigens were detected with polyclonal goat antimouse IgM and IgG antibodies. 
Lanes. A and B; cecal contents obtained from untreated mice; C. cecal contents 
obtained from mice orally administered three antibiotics; D: cecal contents obtained 
from mice orally administered five antibiotics; and E. Bacteroides vulgatus whole 
cell lysate. Molecular mass markers are indicated on the left. 
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CHAPTER 4. PHENOTYPIC AND FUNCTIONAL ACTIVATION OF MUCOSAL T 
LYMPHOCYTES DURING THE CHRONIC PHASE, BUT NOT THE ACUTE 
PHASE, OF SERPULINA HYODYSENTERIAE INFECTION 
A paper to be submitted to Infection and Immunity 
Jeffrey E. Galvin and Michael J. Wannemuehler 
Abstract 
Oral inoculation of mice with Serpuhna hyodysenteriae produces catarrhal 
cecitis. Characterization of the phenotype and functional activity of T lymphocytes 
isolated from inflamed intestine revealed changes in the cell surface activation 
markers and cytokine secretion pattern following infection with S. hyodysenteriae. 
No alterations were detected in the percentages of mesenteric lymph node (MLN) 
or lamina propria (LP) T lymphocytes expressing activation antigens (CD69 or 
CD25) isolated from acutely affected mice (3 DPI) when compared to control mice. 
However, analysis of MLN and LP T lymphocytes isolated from chronically affected 
mice (10 DPI) revealed that, when compared to control mice, increased 
percentages of these lymphocytes expressed CD69 or CD25. Functional activity 
was determined by measuring IFN-y secretion from MLN cells stimulated with whole 
cell antigen preparations from S. hyodysenteriae and Bacteroides vulgatus. During 
acute infection, both antigen preparations induced production of higher 
concentrations of IFN-y from MLN cells isolated from infected mice when compared 
to the amount of IFN-y produced by cells isolated from control mice. Bacteroides 
vulgatus antigens induced greater secretion than did S. hyodysenteriae antigens. 
Elevated secretion of IFN-y, induced by the bacterial antigens, from MLN cells 
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isolated from chronically infected mice was still evident when compared to control 
mice but the greater response induced by B. vulgatus in comparison to S. 
hyodysenteriae antigen was not detected. T lymphocytes may contribute to the 
maintenance of chronic intestinal inflammation via cytokine secretion. This model 
provides a useful means to determine differences between acute and chronic 
intestinal inflammatory diseases. 
Introduction 
The pathogenesis of inflammatory bowel diseases remains uncertain but 
multiple factors appear to contribute to the onset or outcome of the disease (5). 
Inflammation is an integral component of the disease process but the nature of its 
genesis has not been defined. The occurrence of IBD in married couples 
implicates an environmental factor or infectious disease agent as being important 
in the pathogenesis of these diseases (4, 11, 26, 38, 39). No known etiologic 
agent has been identified but the intestinal microflora (i.e., an environmental factor) 
has been proposed to contribute to the intestinal inflammation (15). Models for 
intestinal inflammation provide evidence for the role of the intestinal microflora in 
IBD but its exact role in induction of lesions is not known. Using an infectious 
disease rodent model of intestinal inflammation, the present work addressed the 
potential role of the intestinal microflora in the development of colitis by examining 
its interaction with mucosal associated T lymphocytes. 
Swine dysentery (SD) is a mucohemorrhagic diarrheal disease of swine (9). 
Swine dysentery can be categorized into at least two clinical phases: acute and 
chronic (1). The acute phase occurs within a few days post-infection and is 
characterized by watery feces containing blood and mucus. Onset of the chronic 
phase of swine dysentery is variable but can occur as early as one week and 
continue for months (10). The etiologic agent, S. hyodysenteriae, induces catarrhal 
cecitis when inoculated into mice and the histopathological changes are similar to 
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those noted in pigs affected by SD (20). Although an etiologic agent has been 
identified for swine dysentery, the mechanism of pathogenesis has been proposed 
to be similar to those of spontaneously occurring idiopathic, chronic intestinal 
inflammations described in humans (1). The role of the host immune response in 
intestinal inflammation is unclear, but T lymphocyte products (i.e., cytokines) have 
been implicated as contributors to the inflammation associated with other colitis-
type diseases (15, 16, 24). 
Using SD as a model of intestinal inflammation, T lymphocytes were 
recovered from mucosal tissues of mice infected with S. hyodysenteriae and 
examined for evidence of phenotypic and functional activation. The results 
presented here indicate that T lymphocytes do not appear to be phenotypically 
activated in vivo during the acute phase of S. hyodysenteriae infection (i.e., within 3 
DPI) However, as the disease progresses and becomes chronic (10 DPI), the 
mucosally derived T lymphocytes express markers of activation (e.g., CD69, 
CD25). Furthermore, mucosal T lymphocytes possess increased functional activity, 
as shown by their IFN-y secretion, as early as 3 days post-infection and this 
activity is sustained during the chronic phase of the disease. IFN-y activated 
macrophages have been shown to be more sensitive (i.e., increased phagocytosis, 
cytotoxicity, and oxygen radical production) to the action of proinflammatory 
cytokines (e g,, TNF-a and IL-1) (2). Collectively, these data indicate that mucosal 
T lymphocytes may contribute to the pathogenesis of swine dysentery by 
augmenting the inflammatory response. Studies utilizing the mouse model for S. 
hyodysenteriae infection should provide useful information for chronic intestinal 
inflammations of humans. 
Materials and Methods 
Mice. C3H/HeOuJ mice were originally purchased from Jackson 
Laboratories, Bar Harbor, ME. Breeding colonies were maintained at the 
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Laboratory Animal Resource Facility, College of Veterinary Medicine, Iowa State 
University. Mice were fed autoclaved Mouse Lab Chow #5010 (Purina Mills, St. 
Louis, MO.) until two days prior to infection and then maintained on the Teklad TD 
85420 diet (Harlan Teklad, Madison, Wl) throughout the experiment as previously 
described (21). Mice were 6 to 12 weeks of age at the time of experimentation. All 
studies were approved by the Iowa State University Committee on Animal Care and 
Use. 
Bacteria and infection protocol. S hyodysenteriae strain B204 was 
cultivated in trypticase soy broth supplemented with yeast extract (Difco 
Laboratories, Detroit, Ml), VPI salts, cysteine (Sigma Chemical Co., St. Louis, MO), 
and equine serum (Hyclone Laboratories, Logan, UT) as previously described (20). 
Highly motile spirochete cultures (>95%) were counted with a Petroff-Hauser 
counting chamber. Mice were fasted for 4 to 6 hours before receiving one 
intragastric inoculation of 1 x 10® S. hyodysenteriae. 
Necropsy procedure. Three and ten days following infection, mice were 
terminated and the ceca were examined for gross lesions and scored as previously 
described (20). Mice with no gross cecal lesions or mild cecal lesions were not 
used for lymphocyte analysis. 
Lymphocyte isolation and culture. The mesenteric lymph node (MLN) 
draining the cecum of each mouse was excised and teased into single cell 
suspension through a 60 mesh wire screen and washed once in RPMI 1640. 
Appropriate numbers of cells for individual lymph nodes were removed for flow 
cytometric analysis. Remaining lymph node cells were pooled and cultured in the 
presence of 25 |.ig/ml dry weight of either S. hyodysenteriae or 6. vulgatus whole 
cell lysate antigens in RPMI 1640 supplemented with essential and non-essential 
amino acids (Sigma), 10 mM HEPES (Sigma), 10% fetal calf serum (Gibco, Grand 
Island, NY), 1 mM sodium pyruvate (Sigma), and 0.2 mM 2-mercaptoethanol 
(Sigma). Seventy-two hours later, the supernatant was collected and stored at 
negative 20°C for subsequent cytokine analysis. 
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Lamina propria lymphocytes (LPL) were isolated using a modification of a 
previously described procedure (8). Briefly, diseased ceca were excised, visible 
Peyer's patches removed, opened longitudinally, and soaked for 3 to 5 minutes in 
sterile phosphate buffered saline (PBS: 0.05M, pH 7.2) to detach adherent digesta. 
Ceca were then washed 6 times in calcium/magnesium free Hanks balanced salt 
solution (CMF-HBSS). The epithelial layer was removed by stirring the ceca at 
37°C for 15 minutes in CMF-HBSS with 5 mM EDTA (Sigma), 10% heat inactivated 
horse serum (HS, Gibco), and 0.2 mg/ml dithiothreitol (Sigma). The supernatant 
was decanted, replaced with fresh CMF-HBSS/EDTA solution and the procedure 
repeated twice. Ceca were then incubated at room temperature for 15 minutes in 
RPM11640 supplemented with 10% HS, and 25 mM HEPES buffer (Sigma). 
Lamina propria lymphocytes were liberated via enzymatic digestion by stirring the 
ceca for 45 minutes at 37°C with collagenase (type XI; Sigma) at 300 U/ml in RPMI 
1640 supplemented with 20% HS, and 25 mM HEPES buffer. The supernatant was 
saved and stored on ice and the digestion was repeated two times for 30 minutes 
each. The LPL containing supernatants were pooled, washed one time in RPMI 
1640, and filtered through nylon mesh to remove large debris. Lamina propria 
lymphocytes were isolated on a 67%:43% discontinuous Percoll (Sigma) gradient. 
Cells at the 67%:43% interface were collected, washed once in RPMI, counted, 
stained with fluorescent labeled antibodies, and analyzed by flow cytometry. 
Cell staining and flow cytometric analysis. The following antibodies were 
used at saturating amounts for determining the expression of activation markers on 
T lymphocytes: 145-2C11, anti-CD3; GK1.5, anti-CD4; 53-6.72, anti-CD8; H1,2F3 
(Pharmingen, San Diego, CA), anti-CD69: and 7D4 (Pharmingen), anti-CD25. 
Lymphocytes were stained in 50 microliter volumes in FACS buffer (BSS 
supplemented with 1% fetal calf serum and 0.1% sodium azide (Sigma)) in a 96 
well microtiter plate with 300,000 cells/well. Following a 30 minute incubation with 
the primary antibody, the cells were washed twice with FACS buffer and incubated 
for 30 minutes with appropriate secondary reagents conjugated to fluorescent dyes. 
The lymphocytes were washed twice in FACS buffer and stored in PBS with 2% 
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paraformaldehyde until analyzed for positive fluorescence using a Coulter XL flow 
cytometer. Lymphocytes (10,000/sample) coexpressing CD3/CD4 or CDS were 
selected and analyzed for the expression of CD69 or CD25. 
Interferon-y ELiSA. Immunolon II ELISA plates (Dynatech) were coated 
overnight at 4°C with monoclonal antibody specific for murine IFN-y (R46-A2) at 10 
|.ig/ml in 0.015 M carbonate/0.035 M bicarbonate buffer, pH 9.6. The plates were 
blocked with 1% gelatin for 2 hours at room temperature. Appropriate dilutions of 
supernatant samples were incubated at room temperature for 2 hours. Following 
this incubation period, 1:1000 diluted polyclonal rabbit serum specific for murine 
IFN-y was incubated at room temperature for one hour. Alkaline phosphatase 
conjugated donkey antibodies specific for rabbit immunoglobulins (diluted 1:1000) 
were incubated on each plate for one hour at room temperature. Lastly, a one 
mg/ml solution of para-nitrophenyl phosphate disodium (Sigma Phosphatase 
Substrate 104) dissolved in 0.05 M sodium carbonate and 1 mM magnesium 
chloride buffer (pH 8.2) was added to the plate as substrate. Following color 
change, optical density values were obtained using a Microplate Autoreader EL 
310 (Biotek Instruments) and the concentration of IFN-y per milliliter was calculated 
using recombinant murine IFN-y as a standard. 
Statistical analysis. The Student's t test and Chi squared analysis were 
used to determine significance between treatment groups for interferon-gamma 
production and flow cytometric analysis, respectively. 
Results 
Expression of activation markers on mucosal T lymphocytes during 
acute S. hyodysenteriae infection. Mesenteric lymph node cells and cecal 
lamina propria lymphocytes were recovered from C3H/HeOuJ strain mice at 3 DPI 
and analyzed for the expression of cellular activation antigens (e.g., CD69 and 
CD25), The percentage of CD4+ or CD8+ mesenteric lymph node T lymphocytes 
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(MLN-TL) isolated from mice acutely infected with S. hyodysenteriae expressing 
CD69 or CD25 were not significantly increased when compared to those isolated 
from non-infected control mice (fig. 1). CD4+ lamina propria T lymphocytes (LP-
TL) isolated from infected mice showed a slight increase (2%) in the percentage of 
cells expressing CD69 when compared to those of non-infected mice (fig. 2). 
There were no differences in the CD8+ LP-TLs expressing CD69 when comparing 
cells isolated from infected mice to LP-TLs isolated from non-infected mice (fig. 4). 
The percentage of LP-TL expressing CD25 decreased from 24% in non-infected 
mice to 17% in S. hyodysenteriae infected mice for CD4+ cells and from 30% to 
25% for CD8+ cells (fig. 3 and 5). 
Expression of activation markers on mucosal T lymphocytes during 
chronic S. hyodysenteriae infection. Mucosal T lymphocytes were isolated from 
chronically infected mice to determine if prolonged S. hyodysenteriae infection 
induced an increased state of activation. At 10 DPI, MLN-TL from infected mice 
had significantly (p < 0.05) increased percentages of CD4+ lymphocytes 
expressing CD69 or CD25 when compared to those MLN-TL isolated from non-
infected control mice (fig. 6). Similarly, the percentage of CD8+ MLN-TL 
coexpressing CD69 or CD25 isolated from infected mice were significantly greater 
(p < 0.05) than those from control mice. Prolonged infection of mice with S. 
hyodysenteriae also resulted in the activation of T lymphocytes in the cecal lamina 
propria. Chronic S. hyodysenteriae infected mice have significantly more (p < 0.05) 
of their CD4+ LP-TL coexpressing CD69 (67%) or CD25 (33%) when compared to 
CD4+ LP-TL from control mice (52% CD69+, 24% CD25+) (fig. 7 and 8). The 
percentage of CD8+ LP-TL coexpressing CD69 also significantly increased (p £ 
0.05) at 10 DPI from 37% (non-infected control mice) to 59% (infected mice) (fig. 
9). However, 43% of CD8+ LP-TL expressed CD25 in the non-infected control 
mice which decreased to 28% in the infected mice (fig. 10). 
Interferon-gamma secretion. Expression of cell surface activation markers 
alone does not indicate or suggest functional activity of T lymphocytes, therefore 
the functional activity of mucosal T lymphocytes was examined by analysis of IFN-7 
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secretion. Mesenteric lymph node cells isolated from acute and chronic S. 
hyodysenteriae infected mice were cultured in the presence of S. hyodysenteriae or 
B. vulgatus whole cell lysate antigen. Culture supernatants were collected and 
assayed for IFN-y. As expected, there was minimal production of IFN-y (1.24 
ng/ml) by the MLN cells from non-infected mice in response to S. hyodysenteriae 
antigens (fig. 11). However, MLN cells isolated from mice acutely infected with S. 
hyodysenteriae secreted significantly more IFN-y (8.76 ng/ml, p < 0.05) when 
compared to non-infected mice (1.24 ng/ml, fig. 11). Bacteroides vulgatus antigens 
induced moderate secretion of IFN-y (7.5 ng/ml) from MLN cells isolated from non-
infected mice (fig. 11). MLN cells isolated from infected mice secreted significantly 
higher amounts of IFN-y (13.89 ng/ml, p < 0.05) in response to S. vulgatus 
antigens than they did to S. hyodysenteriae antigens (fig. 11). 
At ten DPI, the MLN cells from control mice produced approximately 30 fold 
higher amounts of IFN-y in response to S. hyodysenteriae and 3.5 fold higher 
amounts in response to B. vulgatus antigen compared to MLN cells recovered at 3 
DPI (fig. 12). This was unexpected but probably is the result of being maintained 
on the Teklad 85420 diet throughout the experiment as nonstimulated control cells 
secreted similar amounts (data not shown). Even with the increased level of 
spontaneous IFN-y production, MLN cells from chronically S. hyodysenteriae 
infected mice secreted higher amounts of IFN-y in response to both S. 
hyodysenteriae and S. vulgatus antigens when compared to non-infected control 
mice (fig. 12). In contrast to 3 DPI, MLN cells isolated from infected mice at 10 DPI 
produced comparable amounts of IFN-y when cultured with S. hyodysenteriae or B 
vulgatus antigens (fig. 12). 
Discussion 
The mechanism(s) of pathogenesis for inflammatory bowel diseases (IBD) 
remains poorly understood. Studies in humans have been difficult to interpret due 
113 
to the complex interaction of multiple factors associated with these diseases, 
therefore, numerous animal models for IBDs have been developed to examine 
various factors associated with IBDs (5, 14). Factors contributing to IBDs have 
been arbitrarily divided into: genetic susceptibility, environmental factors, acquired 
immunity, innate immunity, non-specific inflammation, and wound healing (5). 
Although no one model can simultaneously address all of these factors, animal 
models have contributed significantly to the understanding of the mechanism(s) of 
pathogenesis for IBDs. 
The primary environmental factor implicated in the pathogenesis of IBD is 
the resident intestinal microflora. There have been numerous studies 
demonstrating alterations in the types of bacteria present in the intestinal microflora 
in patients suffering from IBD (7, 13, 18, 28, 35, 36). One notable similarity 
between these reports is the increase in Gram negative anaerobic rods in the 
microflora of patients suffering from IBD. In particular, members of the 
"Bacteroides fragilis" group were shown to be increased (13, 28). Animal models 
for IBDs also provide evidence to support the hypothesis that the intestinal 
microflora contributes to intestinal inflammation. Bacterial peptidoglycan-
polysaccharide injection into the bowel wall of rats induces chronic inflammation 
(30). Germfree animals do not develop colitis induced by indomethacin (27). HLA-
B27 transgenic rats and interleukin 2 knockout mice do not develop colitis unless 
allowed to develop an intestinal microflora (29, 32). Additionally, oral antibiotic 
treatment reduces the severity of intestinal lesions in some animal models for IBD 
(5, 25, 40). These studies are consistent with those addressing the role of the 
intestinal microflora in the pathogenesis of swine dysentery. Specifically, it has 
been demonstrated that S. hyodysenteriae requires the presence of intestinal 
microflora to induce intestinal inflammation (12, 17, 37) and administration of select 
oral antibiotics ameliorates disease in mice without eliminating S. hyodysenteriae 
from the cecum (19, also see Chapter 3). What remains to be determined is the 
mechanism by which the intestinal microflora contributes to or directly induces the 
inflammatory processes associated with inflammatory diseases of the bowel. 
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Immune factors are primary mediators of inflammation and likely play a 
central role in the development of intestinal inflammatory diseases. Innate 
immunity (i.e., neutrophils, macrophages, and complement components), 
nonspecific inflammatory mediators (i.e., cytokines, eicosinoids, prostaglandins, 
and leukotrienes), and acquired (specific) immunity (i.e., T lymphocytes, 
immunoglobulins) have been suggested to play a role in the tissue damage 
associated with inflammatory diseases of the bowel (5, 6, 15, 16). Specifically, 
stimulation of immunocytes in mucosal tissue by members of the intestinal 
microflora results in the release of proinflammatory mediators which directly affect 
the onset of intestinal inflammation. 
T lymphocytes isolated from chronically inflamed human intestinal tissue 
have been reported to be in an enhanced state of activation as demonstrated by a 
heightened proliferative ability (23) and increased numbers of cells expressing 
CD69 (22) or CD25 (3). Recent studies with T cell receptor gene knockout and T 
cell cytokine gene knockout mice have implied that dysregulation of the intestinal 
immune environment by T lymphocytes and their products may contribute to 
inflammation in colitis-like diseases (31). The present work was undertaken to 
characterize alterations of T lymphocyte phenotypes following S. hyodysenteriae 
infection and to determine whether intestinal microfloral antigens can induce T 
lymphocytes to produce cytokines which may contribute to the observed 
inflammatory response. 
In order to assess immunologic changes following infection with S. 
hyodysenteriae, MLN cells were isolated from mice and analyzed by flow cytometry 
for expression of activation markers. T lymphocytes isolated from the MLN of S. 
hyodysenteriae infected mice did not express any increases in activation markers 
at 3 DPI (fig. 1). However, MLN cells isolated from infected mice produced higher 
levels of IFN-y in response to B. vulgatus antigens (a representative of the 
intestinal microflora) than in response to S. hyodysenteriae antigens (fig. 11). 
Preliminary results indicated that IL-10 production by MLN cells from infected mice 
was unchanged in response to S. vulgatus antigens and S. hyodysenteriae 
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antigens when comparing control to infected mice (data not shown). Collectively, 
these results suggest that phenotypically, T lymphocytes in the MLN are not 
activated during the acute stage of S. hyodysenteriae infection. However, a Th1-
type functional activity is induced following S. hyodysenteriae infection which is 
evidenced by IFN-y secretion (fig. 11). The ability of MLN cells to secrete more 
IFN-y in response to microfloral antigens than to the disease inducing agent (i.e., S. 
hyodysenteriae) indicates that members of the intestinal microflora stimulate the 
specific immune response more efficiently than the pathogen. Indeed, serum 
antibody specific for Bacteroides vulgatus antigens has been shown to be induced 
following S. hyodysenteriae infection of mice (see Chapter 3). Thus, the host 
response to members of the intestinal microflora is hypothesized to be the primary 
mediator of inflammatory events. Studies in gnotobiotic animals support this 
hypothesis. That is to say, it has been shown that colitis does not occur in 
germfree animals challenged with S. hyodysenteriae indicating that the spirochete 
does not possess appropriate inflammatogenic qualities and consequently it relies 
upon the intestinal microflora to incite intestinal inflammation (12, 17, 37). 
SerpuUna hyodysenteriae is a non-invasive intestinal pathogen which 
induces inflammation in the cecal tissue of infected mice (20). Attempts were made 
to determine if LP T ceils were activated following infection with S. hyodysenteriae. 
Flow cytometric analysis of the expression of activation markers on T lymphocytes 
isolated from the LP of infected mice at 3 DPI revealed no increases in the 
activation state of CD4+ and CD8+ T lymphocytes (fig. 2, 3, 4, 5). However, there 
was an increase in the percentage of CD4+ (~2.5%) and CD8+ (-2.7%) T cells 
present in the LP of infected mice when compared to non-infected controls (data 
not shown). It is not known if this small change in the percentage of T lymphocytes 
in affected tissue is important for the induction of the inflammatory response or if it 
is a consequence of the inflammation. The ability of LP-TL to secrete cytokines in 
response to S. hyodysenteriae and B. vulgatus antigens is currently under 
investigation. 
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In contrast to 3 DPI, chronic S. hyodysentehae infection (10 DPI) induces 
significant increases in the percentage of cells expressing activation markers. This 
was evident in the MLN and the lamina propria (fig, 6, 7, 8, 9). Additionally, during 
chronic S. hyodysentehae infection, the percentage of CD4+ cells isolated from the 
lamina propria of infected mice was approximately 8% greater than the percentage 
of CD4+ T lymphocytes isolated from control mice (data not shown). Similar to 3 
DPI, the functional activity of these cells during chronic S, hyodysentehae infection 
is enhanced in response to microfloral antigens (fig. 12). Hence, during chronic 
infection, several observations were made; 1) more CD4+ lymphocytes are 
recruited to the site of inflammation, 2) a larger fraction of the T cells present have 
a phenotype which is indicative of activation, and 3) the cells have increased ability 
to secrete cytokines in response to intestinally derived antigens. These results 
suggest that mucosal T lymphocytes contribute to the inflammatory response via 
cytokine secretion. 
Interferon-gamma has numerous biologic effects which include activation of 
neutrophils and macrophages (2, 33). It is hypothesized that the secretion of IFN-y 
by T lymphocytes in inflamed tissue is contributing to the inflammation via 
activation of phagocytic cells. During acute disease, the inflammation appears to 
be mediated by the nonspecific inflammatory response (i.e., 
neutrophils/macrophages and their products). S. hyodysentehae specific antibody 
does not eliminate the spirochete from the lumen. Consequently, the disease 
progresses to chronicity and epithelial barrier function does not recover, 
immunologic tolerance to luminal antigens is forfeited, and members of the 
microflora continue to insult the underlying tissue. T lymphocytes specific for 
antigens derived from the intestinal microflora exacerbate the inflammation via 
cytokine secretion. Thus, T lymphocytes may contribute to the immunopathologic 
response during chronic disease by augmenting inflammation. 
As stated above, the inflammation observed in IBD tissue is hypothesized to 
be multifactorial. Elucidating the relationships of these factors will lead to a better 
understanding of the pathogenesis of IBDs. It is apparent that the inflammatory 
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response is responsible for the tissue damage in IBD tissue as anti-inflammatory 
pharmacologic agents have been shown to reduce severity of disease (34). 
Additionally, models for IBD have implicated the intestinal microflora as being 
necessary for intestinal inflammation. This work provides evidence to support the 
hypothesis that the intestinal microflora contributes to the inflammatory process 
during chronic intestinal inflammation via interaction with and activation of T 
lymphocytes located in intestinal tissue. Further studies are needed to determine if 
the intestinal microflora has the capacity to activate the nonspecific inflammatory 
response (i.e., neutrophils and macrophages). Although the initiating event is 
recognized, the mouse model for S. hyodysenteriae infection provides a powerful 
model to study the progression from acute to chronic intestinal inflammation and 
may be an ideal system in which to develop therapies to prevent this progression. 
Additionally, this model furnishes a controlled system which can define the role of 
the intestinal microlfora in the pathogenesis of intestinal inflammation. 
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Figure 1. Percentage of mesenteric lymph node T lymphocytes expressing CD69 
or CD25 at three days post-infection. Mice (n=5) were infected with 1 X 10® S. 
hyodysenteriae strain B204. At three days post-infection, mesenteric lymph nodes 
draining the ceca were individually excised, teased into single cell suspensions, 
stained with monoclonal antibodies specific for CD4 or CDS and CD69 or CD25, 
and analyzed for positive fluorescence using a Coulter XL flow cytomter. Control 
mice: open bars. Infected mice: hatched bars. 
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Figure 2. Expression of CD69 on CD4+ lamina propria T lymphocytes isolated 
from mice acutely infected with S. hyodysenteriae. Mice (n=18-22) were infected 
with 1 X 10® S. hyodysenteriae strain B204. Lamina propria lymphocytes (LPL) 
were isolated at 3 days post-infection as described in the materials and methods. 
LPLs were stained with monoclonal antibodies specific for CDS, CD4, and CD69 
and analyzed by flow cytometry in a three color system. The histogram is 
representative of one experiment and the percent positive CD69 cells is the mean 
of two experiments. Heavy gray line: control mice. Black line: infected mice. Thin 
gray line; isotype control. 
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Figure 3. Expression of CD25 on CD4+ lamina propria T lymphocytes isolated 
from mice acutely infected with S. hyodysenteriae. Mice (n=18-22) were infected 
with 1 X 10® S. hyodysenteriae strain B204. Lamina propha lymphocytes (LPL) 
were isolated at 3 days post-infection as described in the materials and methods, 
LPLs were stained with monoclonal antibodies specific for CDS, CD4, and CD25 
and analyzed by flow cytometry in a three color system. The histogram is 
representative of one experiment and the percent positive CD25 cells is the mean 
of two experiments. Heavy gray line: control mice. Black line: infected mice. Thin 
gray line: isotype control. 
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Figure 4. Expression of CD69 on CD8+ lamina propria T lymphocytes isolated 
from mice acutely infected with S. hyodysenteriae. Mice (n=18-22) were infected 
with 1 X 10® S. hyodysenteriae strain B204. Lamina propria lymphocytes (LPL) 
were isolated at 3 days post-infection as described in the materials and methods. 
LPLs were stained with monoclonal antibodies specific for CD3, CDS, and CD69 
and analyzed by flow cytometry in a three color system. The histogram is 
representative of one experiment and the percent positive CD69 cells is the mean 
of two experiments. Heavy gray line; control mice. Black line; infected mice. Thin 
gray line: isotype control. 
125 
tn 
•s O 
(D 
> 
0} 
tr 
25 
20 
2 15 0} Si 
E 3 
z 
I Ji; i:\ 
Control —30% 
Infected —25% 
log CD25 
100 1000 
Figure 5. Expression of CD25 on CD8+ lamina propria T lymphocytes isolated 
from mice acutely infected with S. hyodysenteriae. Mice (n=18-22) were infected 
with 1 X 10® S. hyodysenteriae strain B204. Lamina propria lymphocytes (LPL) 
were isolated at 3 days post-infection as described in the materials and methods. 
LPLs were stained with monoclonal antibodies specific for CDS, CDS, and CD25 
and analyzed by flow cytometry in a three color system. The histogram is 
representative of one experiment and the percent positive CD25 cells is the mean 
of two experiments. Heavy gray line: control mice. Black line: infected mice. Thin 
gray line: isotype control. 
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Figure 6. Percentage of mesenteric lymph node T lymphocytes expressing CD69 
or CD25 at 10 days post-infection. Mice (n=5) were infected with 1 X 10® S. 
hyodysenteriae strain B204. At ten days post-infection, mesenteric lymph nodes 
draining the ceca were individually excised, teased into single cell suspensions, 
stained with monoclonal antibodies specific for CD4 or CDS and CD69 or CD25, 
and analyzed for positive fluorescence using a Coulter XL flow cytomter. Control 
mice: open bars. Infected mice: hatched bars. 
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Figure 7. Expression of CD69 on CD4+ lamina propria T lymphocytes isolated 
from mice chronically infected with S. hyodysenteriae. Mice (n=18-22) were 
infected with 1 X 10® S. hyodysenteriae strain B204. Lamina propria lymphocytes 
(LPL) were isolated at 10 days post-infection as described in the materials and 
methods. LPLs were stained with monoclonal antibodies specific for CDS, CD4, 
and CD69 and analyzed by flow cytometry in a three color system. The histogram 
is representative of one experiment and the percent positive CD69 cells is the 
mean of two experiments. Heavy gray line: control mice. Black line: infected mice. 
Thin gray line: isotype control. *= p 10,05, 
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Figure 8. Expression of CD25 on CD4+ lamina propria T lymphocytes isolated 
from mice chronically infected with S. hyodysentehae. Mice (n=18-22) were 
infected with 1 X 10® S. hyodysentehae strain B204. Lamina propria lymphocytes 
(LPL) were isolated at 10 days post-infection as described in the materials and 
methods. LPLs were stained with monoclonal antibodies specific for CDS, CD4, 
and CD25 and analyzed by flow cytometry in a three color system. The histogram 
is representative of one experiment and the percent positive CD25 cells is the 
mean of two experiments. Heavy gray line: control mice. Black line: infected mice. 
Thin gray line: isotype control. *= p < 0.05. 
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Figure 9. Expression of CD69 on CD8+ lamina propria T lymphocytes isolated 
from mice chronically infected with S. hyodysenteriae. Mice (n=18-22) were 
infected with 1 X 10® S. hyodysenteriae strain B204. Lamina propria lymphocytes 
(LPL) were isolated at 10 days post-infection as described in the materials and 
methods. LPLs were stained with monoclonal antibodies specific for CDS, CDS, 
and CD69 and analyzed by flow cytometry in a three color system. The histogram 
is representative of one experiment and the percent positive CD69 cells is the 
mean of two experiments. Heavy gray line: control mice. Black line: infected mice. 
Thin gray line: isotype control. *= p f 0.05. 
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Figure 10, Expression of CD25 on CD8+ lamina propria T lymphocytes isolated 
from mice chronically infected with S. hyodysenteriae. Mice (n=18-22) were 
infected with 1 X 10® S. hyodysenteriae strain B204. Lamina propria lymphocytes 
(LPL) were isolated at 10 days post-infection as described in the materials and 
methods. LPLs were stained with monoclonal antibodies specific for CDS, CDS, 
and CD25 and analyzed by flow cytometry in a three color system. The histogram 
is representative of one experiment and the percent positive CD25 cells is the 
mean of two experiments. Heavy gray line: control mice. Black line: infected mice. 
Thin gray line: isotype control. 
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Figure 11. Production of IFN-y by murine mesenteric lymph node (MLN) cells 
isolated at 3 DPI. MLN were excised from control and infected mice and teased 
into single cell suspensions. Single cell suspensions were cultured in vitro for 3 
days in the presence of the designated whole cell bacterial antigen. Supernatants 
were collected and assayed for IFN-y by ELISA. Statistical significance; a > b > c; 
p < 0.05. 
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Figure 12. Production of IFN-y by murine mesenteric lymph node (MLN) cells at 10 
DPI. MLN were excised from control and infected mice and teased into single cell 
suspensions. Single cell suspensions were cultured in vitro for 3 days in the 
presence of the designated whole cell bacterial antigen. Supernatants were 
collected and assayed for IFN-y by ELISA. 
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CHAPTER 5. GENERAL CONCLUSIONS 
The results presented in this dissertation provide further evidence 
supporting the hypothesis that the colonic microenvironment must meet certain 
conditions before S. hyodysenteriae can induce swine dysentery. Previous 
investigators have speculated that diet is an important factor in determining 
susceptibility of swine to S. hyodysenteriae infection (2). In support of this 
hypothesis, a defined diet was demonstrated to enhance the susceptibility of mice 
to disease after infection with S. hyodysenteriae (7). The present results 
underscore the previous work (7) by showing that alternating these diets had 
significant effects on the development of lesions. This effect could not be simply 
attributed to differences in the CPU of S. hyodysenteriae present in the cecum. It is 
hypothesized that the diet which enhances susceptibility does so by changing the 
microenvironment of the colon, specifically by increasing the CPU of intestinal 
microflora present thus improving the environment for S. hyodysenteriae to produce 
disease. The present work was performed in mice but diet has been shown to be 
important for susceptibility to swine dysentery in pigs (8). Purther studies in swine 
are needed to determine what dietary components can be added or avoided in 
order to prevent development of lesions. Purthermore, this study has important 
implications in human colonic diseases (e.g., inflammatory bowel diseases). 
Simply by altering one's food intake, certain human intestinal diseases may be able 
to be avoided or effectively treated. 
One of the prerequisites for disease induction by S. hyodysenteriae is the 
presence of intestinal microflora (1, 3-6, 9). The present work confirms previous 
findings in that the gnotobiotic phenomenon (i.e., absence of disease after 
challenge with S. hyodysenteriae) can be mimicked in conventional animals by 
treatment with oral antibiotics (6). It had been generally accepted that the 
presence of the intestinal microflora facilitated colonization of S. hyodysenteriae in 
the colon to high enough levels to induce disease. However, in contrast to 
previous research, the present work definitively proves that S. hyodysenteriae can 
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colonize the ceca of mice and not induce disease even with the presence of 
"quantitatively normal levels" of intestinal microflora. The effect of the oral 
antibiotics is most likely due to a qualitative change of the intestinal microflora. In 
the present studies, the qualitative change is speculated to be elimination and/or 
reduction of the anaerobic bacteria in the ceca of the antibiotic treated animals. 
Thus, only selected bacteria can provide the necessary "prerequisite" for S. 
hyodysenteriae to induce disease. Future studies need to be aimed at determining 
vk/hich genera of bacteria fulfill the prerequisite in swine and appropriate therapies 
need to be developed to eliminate the presence of these organisms from the colon 
without causing impairment of normal colonic function. Oral administration of 
innocuous bacteria (e.g., those placed in commercial probiotic products) would be 
a logical starting point for these studies. 
The question remains: What is the role of the normal flora or more 
specifically, the Gram negative anaerobes in the pathogenesis of swine dysentery 
and/or intestinal inflammation in general? There have been two hypotheses put 
forth. 1) an interaction of the commensal bacteria with S. hyodysenteriae and 2) an 
interaction of these bacteria or their components with the host (9). The above 
studies indicate that the intestinal bacteria are not providing a factor(s) for 
facilitation of S. hyodysenteriae colonization (hypothesis 1). However, hypothesis 
1 can be interpreted as follows: the intestinal bacteria provide a factor(s) which 
allows S. hyodysenteriae to fully express virulence. This hypothesis could be 
addressed by genetically analyzing S. hyodysenteriae isolated from conventional 
animals and from germfree or antibiotic treated animals. Hypothesis 2 implies that 
the intestinal bacteria mediate the tissue damage via direct interaction with the host 
and/or indirectly by eliciting an immunopathologic response. The work presented 
in chapter 4 supports the latter implication. T lymphocytes were shown to be 
activated during chronic S. hyodysenteriae infection and they become functionally 
active following stimulation with a representative of the intestinal microflora. 
Hence, it could be hypothesized that T lymphocytes contribute to the inflammation 
during chronic infection via cytokine secretion and this contribution may result in 
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the sustained inflammatory response noted in affected animals. Further 
experiments to need to be performed with IFN-y gene knockout mice to confirm this 
hypothesis. Another study which would add to the understanding of the 
pathogenesis of swine dysentery is evaluation of the contribution of neutrophils to 
the inflammation, specifically during acute infection. Additionally, evaluation of the 
inflammatory response and the immune cells that mediate it need to be completed 
swine. 
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APPENDIX. AN EFFICACIOUS VACCINE FOR SWINE DYSENTERY: 
PROTECTION FROM INTESTINAL LESIONS IS NOT CORRELATED TO 
SERPULINA HYODYSENTERIAE SPEC\F\C T LYMPHOCYTE 
BLASTOGENIC ACTIVITY 
Jeffrey E. Galvin and Michael J. Wannemuehler 
Abstract 
The efficacy of a whole cell sonicated bacterin (WCS) and a proteinase K 
(PK) digested whole cell preparation derived from Serpulina hyodysenteriae was 
tested in swine. Two doses of the PK vaccine afforded protection to swine 
subsequently challenged with virulent S. hyodysenteriae whereas the WCS 
bacterin required three doses. Serum antibody titers could not be correlated with 
protection from swine dysentery. Peripheral blood lymphocyte blastogenic 
responses to disrupted whole S. hyodysenteriae cells were enhanced in the swine 
immunized with the PK vaccine but this phenomenon was not detected in intestinal 
lymph nodes. On the basis of the blastogenic results, the mechanism of protection 
by the PK vaccine could not be attributed to S. hyodysenteriae specific T 
lymphocytes in intestinal tissue. The mechanism by which the PK vaccine affords 
protection to swine still remains to be elucidated. 
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Swine dysentery is a mucohemorrhagic diarrheal disease of finishing swine. 
The etiologic agent, Serpulina hyodysenteriae, is a Gram negative spirochete which 
can be readily cultivated in vitro and the disease can be reproduced in the host 
species as well as numerous animal models (5, 13, 15, 16, 20, 25, 26). Despite 
extensive studies, the virulence mechanisms associated with the pathogenicity of 
S. hyodysenteriae remain to be elucidated. Convalescent swine have been shown 
to be resistant to the development of disease when challenged with S. 
hyodysenteriae (14) thus, it is likely that pigs develop some sort of protective 
immunity. As a result, numerous attempts have been made to develop an 
efficacious vaccine but all are, at best, partially protective. Partial protection from 
swine dysentery (i.e., decreased duration and severity of disease, lowered 
morbidity and mortality, and delayed onset of clinical signs) has been induced by 
intramuscular administration (1, 4, 23) and intravenous administration (2, 3) of 
inactivated, whole cell S. hyodysenteriae. Since S. hyodysenteriae is an intestinal 
pathogen, oral immunization has also been tested as a means to afford protection 
to swine. Unfortunately, experimental attempts using oral administration of whole 
cell, avirulent S. hyodysenteriae (8, 11) as well as regimes which utilize parenteral 
priming in combination with oral administration (6, 8, 9, 11, 18) have failed to 
provide protection from swine dysentery following challenge with S. 
hyodysenteriae. Although commercially available vaccines exist, their 
effectiveness is also questionable. 
Elevated serum antibody specific for S. hyodysenteriae has been obtained 
via immunization with whole cell bacterins but little to no correlation has been made 
to protection from disease (personal observation, 24). Additionally, intestinal 
antibody specific for S. hyodysenteriae has been described (7, 12, 24) but its 
presence could only be correlated to recent exposure to S. hyodysenteriae and not 
resistance to swine dysentery (24). In contrast to numerous studies evaluating 
antibody responses to S. hyodysenteriae, T lymphocyte responses have received 
little attention. Cell mediated immune responses (i.e., T lymphocyte blastogenesis 
and delayed-type hypersensitivity reactions (DTH)) have been assessed following 
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infection with S. hyodysenteriae (10). One hundred percent of swine infected with 
either virulent or avirutent S. hyodysenteriae have been shown to have increased 
peripheral blood lymphocyte blastogenic activity in response to S. hyodysenteriae 
antigens but only twenty one percent responded to S. hyodysenteriae administered 
intradermally (i.e., DTH skin test) (10). The present work was performed to 
evaluate the efficacy of a recently developed, subcellular vaccine and to determine 
if immunity to swine dysentery could be correlated with T lymphocyte responses. 
Conventionally reared swine were vaccinated two (trial A) or three (trial B) 
times intramuscularly with either a) S. hyodysenteriae strain B204 whole cell 
sonicated preparation (WCS), b) proteinase K (Sigma Chemical Co., St. Louis, MO) 
digested whole B204 cells (PK) or, c) saline (sham immunized). All preparations 
were prepared in a 1:1 dilution of Freund's incomplete adjuvant (Sigma) and each 
principle received 430 |.ig of protein per dose at ten day intervals. Sham 
immunized control pigs received sterile saline diluted 1.1 in Freund's incomplete 
adjuvant. Ten days following each immunization, blood was collected via 
venupuncture and peripheral blood lymphocyte (PBL) proliferative activity was 
determined using a whole blood blastogenic assay with 25 j.ig of WCS as the 
stimulating antigen preparation. Analysis of in vivo T lymphocyte responses were 
measured employing the delayed type hypersensitivity (DTH) skin test. Ten days 
following the final immunization, 100 |tig of either WCS preparation or PK 
preparation were suspended in sterile saline and intradermally administered into 
the ear. Induration was measured at 24, 48, and 72 hours post-injection. Thirteen 
days after the final immunization, fasted swine were intragastrically challenged on 
two consecutive days with 1 x 10® S. hyodysenteriae strain B204 cultivated in 
trypticase soy broth supplemented with yeast extract, VP! salts, cysteine, and 
equine serum as previously described (19). Two to three days following the 
appearance of clinical signs (approximately five to seven days post-infection), pigs 
were necropsied, observed for clinical lesions of swine dysentery, intestinal 
contents cultured for the presence of S. hyodysenteriae, and blood, spleen, and 
intestinal lymph node samples were obtained. Peripheral blood lymphocytes were 
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assayed for proliferative ability as described above. Blastogenic responses of 
spleen and intestinal lymph node cells were measured by culturing single ceil 
suspensions in the presence of 25 |.ig/ml of S. hyodysenteriae WCS. 
Clinical results for pigs immunized three times are depicted in table 1. 
Development of clinical diarrhea was prevented in 100% (6 of 6) of the immunized 
swine regardless of which vaccine was administered. No gross intestinal lesions 
were detected in 67% (2 of 3) of PK immunized pigs and 67% (2 of 3) of the WCS 
immunized pigs. Mild lesions were described in the remaining 33% (1 of 3) of the 
swine immunized with either preparation (table 1). Although clinical signs were 
reduced, the WCS vaccine did not prevent S. hyodysenteriae colonization of the 
cecum or spiral colon whereas S. hyodysenteriae was not demonstrable in two out 
of three pigs receiving the PK vaccine (table 1). Two of two sham immunized pigs 
developed dysentery and both were culture positive. Thus, both vaccines were 
partially protective and the PK vaccine was observed to be more effective at 
reducing shedding of S. hyodysenteriae than the WCS vaccine. The WCS vaccine 
induced significantly higher (p < 0.05) serum antibody response specific for S. 
hyodysenteriae when compared to the PK vaccine. Both vaccine regimes induced 
significantly higher (p < 0.05) antibody responses than the sham immunized 
animals (figure 1). Even though the WCS vaccine was able to elicit a greater 
antibody response, it was less effective at preventing colonization of S. 
hyodysenteriae in comparison to the PK vaccine. Development of high levels of 
serum antibody specific for S. hyodysenteriae following immunization with a whole 
cell bacterin is in agreement with prior studies (1, 4, 23). In contrast to these 
previous studies which used two vaccinations, the pigs in this trial were immunized 
three times and subsequently 100% were protected from swine dysentery (table 1). 
The difference in efficacies between this trial and previous reports was 
hypothesized to be due to the addition of a third vaccination. The mechanism by 
which this third vaccination induced protection is not known but may be the result of 
sufficient S. hyodysenteriae specific antibody production in the colon. 
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Whole blood blastogenesis was used as an in vitro correlate for CM! 
responses to antigens from S. hyodysenteriae following immunization. Following 
the first and second immunizations, no significant increases were detected in the 
immunized groups when compared to the control pigs (figure 2). In contrast, 
administration of a third dose of the PK vaccine resulted in a significant increase (p 
< 0.05) in the proliferative ability of PBL to respond to S. hyodysenteriae whole ceil 
antigens (figure 2). Similarly, after three immunizations, the PK vaccine induced 
significantly greater (p < 0.05) DTH responses (a measure of in vivo T cell activity) 
when compared to the WCS vaccine (figure 3). Following challenge with S. 
hyodysenteriae, the previously detected increased blastogenic ability of the PBLs 
was no longer observed (figure 2). This is most likely due to the recruitment of S. 
hyodysenteriae specific T lymphocytes from the circulating pool of cells to the site 
of S. hyodysenteriae antigen (i.e., the intestine). The proliferative ability of splenic 
and lymph node cells in response to S. hyodysenteriae antigen was significantly 
greater (p < 0.05) in the pigs immunized with the PK vaccine than those pigs 
immunized with the WCS vaccine (figure 4). Collectively, these results indicate 
that the PK vaccine has a greater capacity to generate S. hyodysenteriae specific T 
lymphocytes as evidenced by both the in vitro and in vivo assays. Circumstantially, 
it could be hypothesized that the S. hyodysenteriae specific T lymphocyte response 
may contribute to the colonization resistance of swine to S. hyodysenteriae. 
During the course of evaluating the effectiveness of the PK vaccine, it was 
observed that immunization of pigs with two doses was effective at preventing 
development of swine dysentery (personal communication, M. Wannemuehler). 
Since this is a more cost-effective and production oriented regimen of 
immunization, the above study was repeated using a two dose immunization 
regime. Similar to the three dose immunization regime, two intramuscular doses of 
PK vaccine resulted in 100% (5 of 5) prevention of clinical signs of swine dysentery 
following challenge with S. hyodysenteriae (table 2). Two of five (40%) pigs 
immunized with the PK vaccine had mild hyperemia of the spiral colon and S. 
hyodysenteriae was not recovered from any of the pigs (table 2). In contrast, 40% 
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(two of five) of the pigs immunized twice with the WCS vaccine developed clinical 
signs of swine dysentery, were culture positive, and had moderate to severe 
colonic lesions (table 2). As expected, all of the sham immunized pigs developed 
dysentery, were culture positive, and had severe intestinal lesions (table 2). 
Appearance of S. hyodysenteriae specific serum antibody in pigs immunized 
twice mirrored those results of trial A. That is to say, both vaccines induced 
significant production of S. hyodysenteriae specific antibody, but WCS immunized 
pigs had higher levels of specific antibody when compared to the PK immunized 
pigs (figure 5). Although there was more S. hyodysenteriae specific antibody in the 
serum of WCS immunized pigs when compared to PK vaccinated pigs, the 
presence of these serum antibodies did not correlate with protection from disease 
as the PK vaccinated pigs were 100% protected and the WCS were only 60% 
protected. Based on this limited study, the results indicate that serum antibody 
titers are not solely important for protection from disease and may only represent 
either previous immunization and/or infection with S. hyodysenteriae. Other 
researchers have reported a lack of correlation between serum antibody titers and 
protection from swine dysentery (1, 4, 9, 22). 
Although the WCS vaccinated pigs had higher serum antibody levels when 
compared to the PK vaccinated pigs, the specificity of these antibodies to antigens 
of S. hyodysenteriae were not identical between the two vaccines (figure 9). 
Western blot analysis revealed that both vaccines induced high levels of antibody 
specific for antigens between 30 and 50 kDa in molecular mass. This banding 
pattern is consistent with the banding pattern of purified flagella from S. 
hyodysenteriae (personal observation). Strong reactivity to flagella antigens by the 
vaccines is not surprising as it has been estimated that 10% of the total protein of 
S. hyodysenteriae is flagella-associated (17) and bands with similar migration 
characteristics to the flagella are resistant to the method of digestion utilized to 
prepare the PK vaccine (personal observation). Of interest is the reactivity to 
antigens with molecular masses greater than 50 kDa induced by the PK vaccine 
(figure 9, lane C). The PK vaccine induces antibody responses to fewer antigens 
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when compared to the WCS vaccine (lane A). Coomassie stained gels of PK 
vaccine preparations reveal no detectable bands above 50 kDa (data not shown). 
Hence, either incomplete digestion occurs leaving undetectable amounts (via 
coomassie stain) of intact protein to which antibodies are produced, or antibodies 
are induced to peptides generated by the proteinase K digestion. It is not known if 
the decreased reactivity to these antigens (i.e., > 50 kDa molecular mass) by the 
PK vaccine is an important component of the mechanism by which it generates 
superior protective responses when compared to the WCS bacterin. Finally, the 
endotoxin component of S. hyodysenteriae has similar migration patterns as the 
diffusely staining band at 22 to 24 kDa shown in figure 9 (data not shown). Thus, 
although the WCS vaccine induces higher levels of S. hyodysenteriae specific 
antibodies (figures 1 and 5), immunization of pigs with the PK vaccine results in 
higher levels of serum antibodies specific for the endotoxin moiety of S. 
hyodysenteriae (figure 9, lanes C and D). Antibody responses to S. hyodysenteriae 
endotoxin have been proposed to be important for a protective immune response 
(21). This may be an important feature of the improved protective immune 
response generated by the PK vaccine. 
Similar to pigs immunized three times, two immunizations with either the PK 
vaccine or the WCS vaccine did not result in any significant increase in the 
proliferative ability of PBLs prior to challenge (figure 6). However, DTH responses 
were significantly higher (p < 0.05) in the PK vaccinated swine when compared to 
the WCS vaccinated swine (figure 7). Since the PK immunized pigs were 
completely protected from the development of swine dysentery whereas the WCS 
immunized pigs were not, and in vivo T lymphocyte responses (i.e., DTH) were 
higher in the PK pigs, it may be concluded that S. hyodysenteriae specific T 
lymphocyte responses were important for protection from disease. However, in 
direct contrast to trial A, the only cells capable of a proliferating in response to S. 
hyodysenteriae antigens at the time of post-mortem examination were lymph node 
cells isolated from pigs suffering from acute dysentery (figure 8). The reason for 
differing proliferative abilities of lymph node cells isolated from sham immunized 
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pigs of trial A and those of trial B is unclear. However, lymph nodes from the base 
of the mesentery were excised for trial A whereas lymph nodes draining the spiral 
colon were sampled for trial B. Antigen specific lymphocytes activated in colonic 
tissue drain directly into colonic lymph nodes whereas lymph nodes at the base of 
the mesentery serve as a depot for leukocytes draining from the small and targe 
intestine. Thus, the Inability of the local lymph nodes to respond to S, 
hyodysenteriae in trial A was likely due to the presence of low numbers of specific 
lymphocytes draining to the mesenteric lymph node. The S, hyodysenteriae 
specific lymphocytes were detected in trial B because an appropriate lymph node 
population was sampled (i.e., nodes draining the inflamed colonic tissue). Thus, 
the increased proliferative ability of lymph node cells in the acutely affected swine 
is most likely due to the presence S. hyodysenteriae specific lymphocytes which 
were activated in the intestinal tissue (e.g.. lamina propria) and subsequently 
drained to the local colonic lymph node. Since S. hyodysenteriae is a non-invasive 
intestinal pathogen, it is reasonable to assume that prevention of colonization 
and/or protection from disease would require the presence of S. hyodysenteriae 
specific T lymphocytes and/or antibodies in intestinal tissue or at least in intestinal 
associated lymphoid tissue. Using a blastogenic assay to detect specific T 
lymphocyte responses, S. hyodysenteriae specific cells were not detected in the 
colonic lymph nodes from pigs protected from disease via immunization with the PK 
vaccine. Thus, the role T lymphocytes in protection from disease appears to be 
minimal. 
In summary, the WCS vaccine (i.e., bacterin) requires three doses before 
pigs are afforded protection from disease whereas the PK vaccine requires only 
two. This is in agreement with previous results in which more than two doses of a 
whole cell bacterin were required before protection was attained to S. 
hyodysenteriae (3) whereas two doses provided partial protection (1, 4, 23). 
Although S. hyodysenteriae specific serum antibody levels did not correlate with 
protection from swine dysentery, antibody levels to the endotoxin of S. 
hyodysenteriae were correlated with protection. Thus, endotoxin-specific antibody 
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responses may be important for protection from disease. The in vivo DTH test is 
much more sensitive at detecting T lymphocyte responses than the in vitro 
blastogenic assay. Additionally, positive DTH reaction in pigs can be correlated 
with protection from swine dysentery. In contrast, it has been demonstrated that a 
low percentage (20%) of infected pigs develop DTH skin reactions in response to 
S. hyodysenteriae antigens (10). Thus, although the DTH skin test has little value 
as a diagnostic indicator of infection, it may be accurate for assessing the presence 
of protective immunity to swine dysentery. Further experimentation is needed to 
confirm this hypothesis. Lastly, T lymphocytes isolated from intestinal associated 
lymphoid tissue of acutely infected pigs respond to S. hyodysenteriae antigen in 
vitro. It is not known if these activated, local T cells and/or their products (i.e., 
cytokines) are important for subsequent resolution of disease by providing "help" to 
B cells (e.g., interleukin 4, 5, 6, or 10 secretion) or if they exacerbate the 
inflammatory process via secretion of cytokines which contribute to inflammation 
(i.e., IFN-y). As S. hyodysenteriae is a non-invasive intestinal pathogen, continued 
studies of local intestinal immune responses are required to determine the role of 
the immune response on the outcome of S. hyodysenteriae infection. 
References 
1. Fernie, D. S., P. H. Ripley, and P. D. Walker. 1983. Swine dysentery 
protection against experimental challenge following single dose parenteral 
immunisation with inactivated Treponema hyodysenteriae. Res. Vet. Sci. 
35:217-221. 
2 Glock, R. 0., D. L. Harris, R. A. Goodnow, and J. Wl. Kinyon. 1980 
Immunization of swine with Treponema hyodysenteriae via various routes, p. 
245, In Proceedings of the International Pig Veterinary Society, Copenhagen, 
Denmark. 
3 Glock, R. D., K. J. Schwartz, and D. L. Harris. 1978. Parenteral immunization 
of pigs against infection with Treponema hyodysenteriae. Am. J. Vet. Res. 
39:639-642. 
146 
4. Hampson, D. J., I, D. Robertson, and J. R. L. Mhoma. 1993. Experiences 
with a vaccine being developed for the control of swine dysentery. Aust. Vet. J. 
70:18-20. 
5. Harris, D. L., R. D. Giock, C. R. Christensen, and J. M. Kinyon. 1972. 
Inoculation of pigs with Treponema hyodysenteriae (New Species) and 
reproduction of the disease. Vet. Med. Small Animal Clin. 67:61-68. 
6. Harris, D. L., and J. Schuiteman. 1982. Prevention of swine dysentery by 
intraperitoneal and oral administration of inactivated Treponema 
hyodysenteriae. p. 36. In Proceedings of the International Pig Veterinary 
Society, Mexico City, Mexico. 
7. Hornich, M., and V. Chrastova. 1980. Development of antibody activity in 
dysenteric pigs. p. 239. In Proceedings of the International Pig Veterinary 
Society, Copenhagen, Denmark. 
8. Hudson, M. J., T. J. L. Alexander, and R. J. Lysons. 1974. Swine dysentery: 
Failure of an attenuated strain of spirochaete, given orally, to protect pigs 
against subsequent challenge. Br. Vet. J. 130;xxxvii-xl. 
9. Hudson, SVl. J., T. J. L. Alexander, R. J. Lysons, and J. F. Prescott. 1976. 
Swine dysentery: protection of pigs by oral and parenteral immunization with 
attenuated Treponema hyodysenteriae. Res. Vet. Sci. 21:366-367. 
10. Jenkins, E. M., and P. L. Klesius. 1981. Lymphocyte stimulation in swine 
dysentery. Vet. Immunol. Immunopathol. 2:19-26. 
11 Jenkins, E. M., S. Nash, W. Hill, and J. Mosley. 1987 Effect of levamisole on 
the clinical and immunologic responses to oral vaccine of Treponema 
hyodysenteriae. Am. J Vet. Res. 48:657-660. 
12 Joens, L. A., D. W. DeYoung, J. C. Cramer, and R. D. Giock. 1984 The 
immune response of the porcine colon to swine dysentery, p. 187. In 
Proceedings of the International Pig Veterinary Society, Ghent, Belgium. 
13. Joens, L. A., and R. D. Giock. 1979. Experimental infection in mice with 
Treponema hyodysenteriae. Infect. Immun. 25:757-760. 
14. Joens, L. A., D. L. Harris, and D. H. Baun. 1979. Immunity to swine dysentery 
in recovered pigs. Am. J. Vet. Res. 40:1352-1354. 
147 
15. Joens, L, A., J. G. Songer, D. L. Harris, and R. D. Glock. 1978. Experimental 
infection with Treponema hyodysenteriae in guinea pigs. Infect. Immun. 
22:132-135. 
16. Knoop, F. C. 1979. Experimental infection of rabbit ligated ileal loops with 
Treponema hyodysenteriae. Infect. Immun. 26.1196-1201. 
17. Koopman, M. B. H., O. S. de Leeuw, B. A. M. van derZeijst, and J. G. 
Kusters. 1992, Cloning and DNA sequence analysis of a Serpulina 
(Treponema) hyodysenteriae gene encoding a periplasmicflagellar sheath 
protein. Infect, Immun. 60:2920-2925. 
18. Lysons, R. J., M. R. Burrows, P. W. Jones, and P. Collins. 1987. Parenteral 
priming for live oral vaccines. Adv. Exp. Med. Biol. 2166:1825-1829. 
19. Nibbelink, S. K., and M. J. Wannemuehler. 1991 Susceptibility of inbred 
mouse strains to infection with Serpula {Treponema) hyodysenteriae. Infect. 
Immun, 59:3111-3118, 
20. Nibbelink, S. K., and M. J. Wannemuehler. 1992 An enhanced murine model 
for studies of Serpulina (Treponema) hyodysenteriae pathogenesis. Infect, 
Immun. 60:3433-3436. 
21. Nuessen, M. E., and L. A. Joens. 1982. Serotype-specific opsonization of 
Treponema hyodysenteriae. Infect. Immun. 38:1029-1032, 
22 Olson, L. D., K. I. Dayalu, and G. T. Schlink. 1994. Exacerbated onset of 
dysentery in swine vaccinated with inactivated adjuvanted Serpulina 
hyodysenteriae. Am, J, Vet. Res, 55:67-71. 
23, Parizek, R., R. Stewart, K. Brown, and D. Blevins. 1985, Protection against 
swine dysentery with an inactivated Treponema hyodysenteriae bacterin. Vet. 
Med, 80:80-86. 
24 Rees, A. S., R. J. Lysons, C. R. Stokes, and F. J. Bourne. 1989, Antibody 
production by the pig colon during infection with Treponema hyodysenteriae. 
Res. Vet, Sci, 47:263-269, 
25, Sueyoshi, M., and Y. Adachi. 1990, Diarrhea induced by Treponema 
hyodysenteriae: a young chick cecal model for swine dysentery. Infect, Immun, 
58:3348-3362, 
148 
26. Whipp, S. C., D. L. Harris, J. M. Kinyon, J. G. Songer, and R. D. Giock. 
1978. Enteropathogenicity testing of Treponema hyodysentehae in ligated 
colonic loops of swine. Am. J. Vet. Res. 39:1293-1296. 
149 
Table 1, Clinical results of swine immunized three times with vaccine preparations 
of S. hyodysentehae. 
Vaccine Culture^ Clinical Signs'* Gross Lesions" 
Whole cell sonicate 100 0 0 , 0 , 2  
bacterin'' 
Proteinase K digested 33 0 0,0,2 
whole cells® 
Sham vaccine' 100 100 4, 5 
^ Percent of pigs positive for S, hyodysenteriae by culture on selective 
media. 
'' Percent of pigs positive for clinical signs of swine dysentery (mucus and 
blood in feces). 
" Score of the severity of gross intestinal lesions: 0= no gross lesions, 1 = 
mild to moderate hyperemia, 2= moderate hyperemia with focal fibrin or mucus, 3= 
moderate to severe hyperemia with intraluminal mucus or fibrin, 4= severe 
hyperemia with intraluminal mucus, fibrin, or blood, 5= severe hyperemia with 
excess intraluminal mucus, fibrin, and blood. 
Pigs administered 430 |.ig of protein per dose of sonicated whole S. 
hyodysenteriae cells. 
® Pigs administered 430 ^g of protein per dose of proteinase K digested 
whole S. hyodysenteriae cells. 
' Pigs administered saline. 
150 
1.0 
a 
a 
Q O 
0.8-
0.4-
0.2 
0.6-
0.0 
Vaccination Treatment 
•o— control 
O— WCS 
PK 
pre-imm 1-imm 2-imnn 3-innm post-mortem 
Figure 1. Antibody response specific for Serpulina hyodysenteriae in the serum of 
swine. Pigs were intramuscularly immunized three times with either sonicated 
whole S. hyodysenteriae cells (WCS, n=3), proteinase K digested whole S. 
hyodysenteriae cells (PK, n=3), or saline (control, n=2). All preparations were 
diluted 1:1 in Freund's incomplete adjuvant. Pigs in WCS and PK groups received 
430 lag of protein per dose. Relative levels of serum IgG were determined by the 
ELISA technique using whole cell sonicated S. hyodysenteriae as the antigen. 
Results are expressed as light absorbence measured at 405 nm. Time points are 
as follows: pre-imm= pre-immunization, 1-imm= 10 days following first 
immunization, 2-imm= 10 days following second immunization, 3-imm= 10 days 
following third immunization, post-mortem= 5 to 7 days following challenge with S. 
hyodysenteriae. Statistical significance as determined by the Student's t test: a > b 
> c (p < 0.05) for each time point. 
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Figure 2. Peripheral blood lymphocyte (PBL) proliferative responses of vaccinated 
swine. Pigs were intramuscularly immunized three times with either sonicated 
whole S. hyodysenteriae cells (WCS, n=3), proteinase K digested whole S. 
hyodysenteriae cells (PK, n=3), or saline (control, n=2). All preparations were 
diluted 1:1 in Freund's incomplete adjuvant. Pigs in WCS and PK groups received 
430 |Lig of protein per dose. Proliferation of PBLs was determined using a 
blastogenesis assay. Whole blood was diluted 1:3 in RPM11640 and cultured for 5 
days in the presence of 25 |.ig/ml of sonicated whole S. hyodysenteriae cells. 
Tritiated thymidine was added to each well for the final twelve hours of culture. 
Cells were harvested onto glass microfiber filter paper and the counts per minute 
determined using a scintillation counter. Time points are as follows: pre-imm= pre-
immunization, 1-imm= 10 days following first immunization, 2-imm= 10 days 
following second immunization, 3-imm= 10 days following third immunization, post-
mortem= 5 to 7 days following challenge with S. hyodysenteriae. Results are 
expressed as stimulation indices: counts per minute of experimental/ counts per 
minute of unstimulated control wells (E/C= experimental/control). *= p 10.05. 
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Figure 3. Delayed-type hypersensitivity (DTH) skin reactions of vaccinated swine. 
Pigs were intramuscularly immunized three times with either sonicated whole S. 
hyodysenteriae cells (WCS, n=3), proteinase K digested whole S. hyodysenteriae 
cells (PK, n=3), or saline (control, n=2). All preparations were diluted 1:1 in 
Freund's incomplete adjuvant. Pigs in WCS and PK groups received 430 |.ig of 
protein per dose. DTH was determined by injecting 100 ^g of protein intradermally 
into the ear of pigs. Sonicated whole S. hyodysenteriae cells (B204 WCS) or 
proteinase K digested whole S. hyodysenteriae cells (B204 PK) were administered 
into separate locations on the ear ten days following the third immunization. 
Induration (millimeters) was measured with a caliper at 72 hours post-injection. 
Sites of saline injection had no reaction. Positive reactions were confirmed 
histologically (i.e., presence of monocytic and lymphocytic cellular infiltrates). *= p 
< 0.05. 
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Figure 4. Proliferative ability of spleen and lymph node cells isolated from 
vaccinated and challenged swine. Pigs were intramuscularly immunized three 
times with either sonicated whole S. hyodysenteriae cells (WCS, n=3), proteinase K 
digested whole S. hyodysenteriae cells (PK, n=3), or saline (control, n=2). All 
preparations were diluted 1:1 in Freund's incomplete adjuvant. Pigs in WCS and 
PK groups received 430 ng of protein per dose. Spleen and lymph nodes were 
collected two days after the appearance of clinical signs of swine dysentery. 
Proliferation of lymphocytes was determined using a blastogenesis assay. Single 
cell suspensions (3x10® cells/ml) of either spleen cells or lymph node cells were 
cultured for 5 days in the presence of 25 |.ig/ml of sonicated whole S. 
hyodysenteriae cells. Tritiated thymidine was added to each well for the final 
twelve hours of culture. Cells were harvested onto glass microfiber filter paper and 
the counts per minute determined using a scintillation counter. Results are 
expressed as stimulation indices: counts per minute of experimental/ counts per 
minute of unstimulated control wells (E/C= experimental/control). *= p 10.05. 
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Table 2. Clinical results of swine immunized twice with vaccine preparations of S. 
hyodysenteriae. 
Vaccine Culture^ Clinical Signs" Gross Lesions" 
Whole cell sonicate 40 40 0 , 1 , 1 , 3 , 4  
bacterin'^ 
Proteinase K digested 0 0 0, 0, 0, 1, 1 
whole cells® 
Sham vaccine' 100 100 4, 5, 5, 5 
^ Percent of pigs positive for S. hyodysenteriae by culture on selective 
media. 
" Percent of pigs positive for clinical signs of swine dysentery (mucus and 
blood in feces). 
See table 1 for description of gross lesion scores. 
Pigs administered 430 (.ig of protein per dose of sonicated whole S. 
hyodysenteriae cells. 
Pigs administered 430 ),ig of protein per dose of proteinase K digested 
whole S. hyodysenteriae cells. 
' Pigs administered saline. 
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Figure 5, Antibody response specific for Serpulina hyodysenteriae in the serum of 
vaccinated swine. Pigs were intramuscularly immunized twice with either sonicated 
whole S. hyodysenteriae cells (WCS, n=5), proteinase K digested whole S. 
hyodysenteriae cells (PK, n=5), or saline (control, n=4). All preparations were 
diluted 1:1 in Freund's incomplete adjuvant. Pigs in WCS and PK groups received 
430 ng of protein per dose. Relative levels of serum IgG were determined by the 
ELiSA technique using whole cell sonicated S. hyodysenteriae as the antigen. 
Results are expressed as light absorbence measured at 405 nm. Time points are 
as follows: pre-imm= pre-immunization, 1-imm= 10 days following first 
immunization, 2-imm= 10 days following second immunization, post-mortem= 5 to 7 
days following challenge with S. hyodysenteriae. Statistical significance as 
determined by the Student's t test: a > b > c (p < 0.05) for each time point. 
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Figure 6. Peripheral blood lymphocyte (PBL) proliferative responses of vaccinated 
swine. Pigs were intramuscularly immunized twice with either sonicated whole S. 
hyodysenteriae cells (WCS, n=5), proteinase K digested whole S. hyodysenteriae 
cells (PK, n=5), or saline (control, n=4). All preparations were diluted 1:1 in 
Freund's incomplete adjuvant. Pigs in WCS and PK groups received 430 ^g of 
protein per dose. Proliferation of PBLs was determined using a blastogenesis 
assay. Whole blood was diluted 1 ;3 in RPMI 1640 and cultured for 5 days in the 
presence of 25 i^g/ml of sonicated whole S. hyodysenteriae cells. Tritiated 
thymidine was added to each well for the final twelve hours of culture. Cells were 
harvested onto glass microfiber filter paper and the counts per minute determined 
using a scintillation counter. Time points are as follows: pre-imm= pre-
immunization, 1-imm= 10 days following first immunization, 2-imm= 10 days 
following second immunization, post-mortem= 5 to 7 days following challenge with 
S. hyodysenteriae. Results are expressed as stimulation indices: counts per 
minute of experimental/ counts per minute of unstimulated control wells (E/C= 
experimental/control). 
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Figure 7. Delayed-type hypersensitivity (DTH) skin reactions of vaccinated swine. 
Pigs were intramuscularly immunized twice with either sonicated whole S. 
hyodysenteriae cells (WCS, n=5), proteinase K digested whole S. hyodysenteriae 
cells (PK, n=5), or saline (control, n=4). All preparations were diluted 1:1 in 
Freund's incomplete adjuvant. Pigs in WCS and PK groups received 430 |.ig of 
protein per dose. DTH was determined by injecting 100 |.ig of protein intradermally 
into the ear of pigs. Sonicated whole S. hyodysenteriae cells (B204 WCS) or 
proteinase K digested whole S. hyodysenteriae cells (B204 PK) were administered 
into separate locations on the ear ten days following the second immunization. 
Induration (millimeters) was measured with a caliper at 72 hours post-injection. 
Sites of saline injection had no reaction. Positive reactions were confirmed 
histologically (i.e., presence of monocytic and lymphocytic cellular infiltrates). *= p 
< 0.05. 
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Figure 8. Proliferative ability of spleen and lymph node cells isolated from 
vaccinated and challenged swine. Pigs were intramuscularly immunized twice with 
either sonicated whole S. hyodysenteriae cells (WCS, n=5), proteinase K digested 
whole S. hyodysenteriae cells (PK, n=5), or saline (control, n=4). All preparations 
were diluted 1:1 in Freund's incomplete adjuvant. Pigs in WCS and PK groups 
received 430 f,ig of protein per dose. Spleen and colonic lymph nodes were 
collected two days after the appearance of clinical signs of swine dysentery. 
Proliferation of lymphocytes was determined using a blastogenesis assay. Single 
cell suspensions (3x10® cells/ml) of either splenic cells or lymph node cells were 
cultured for 5 days in the presence of 25 ng/ml of sonicated whole S. 
hyodysenteriae cells. Tritiated thymidine was added to each well for the final 
twelve hours of culture. Cells were harvested onto glass microfiber filter paper and 
the counts per minute determined using a scintillation counter. Results are 
expressed as stimulation indices; counts per minute of experimental/ counts per 
minute of unstimulated control wells (E/C= experimental/control). *= p 5 0.05. 
159 
Figure 9. Western blot analysis of sera obtained from whole cell sonicate (WSC) 
and proteinase K (PK) immunized pigs. Twenty micrograms of protein of either 
whole cell sonicated organisms (lanes A and C) or proteinase K digested whole cell 
organisms (lanes B and D) were electrophoretically separated on a 12.5% SDS-
PAGE gel and transferred to a PVDF membrane. Following a 2 hour blocking 
period at 37°C with 2.6% skim milk, pooled serum samples (n=5 pigs) from swine 
immunized twice with either WCS vaccine (lanes A and B) or PK vaccine (lanes C 
and D) were diluted 1:50 and incubated on the membrane overnight at 4°C. 
Antibodies specific for S. hyodysenteriae antigens were detected with alkaline 
phosphatase conjugated polyclonal goat antiswine IgM and IgG antibodies. Bands 
were visualized using Fast Red (Sigma Chemicals, St. Louis, MO) and naphthol 
(Sigma) as the substrate. Molecular mass markers are indicated on the left. 
